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implication for tectonic and metallogenic evolution 
Dissertation directed by Professor Charles R. Stern 
This dissertation presents petrochemical data concerning Neogene olivine basalts erupted 
both along the margins and within the micro-continental Lut block, eastern Iran, which is a part 
of the active Alpine-Himalayan orogenic belt. These data demonstrate the following: 
1) Basalts that erupted from small monogenetic parasitic cones around the Bazman 
stratovolcano, Makran arc area, in the southern Lut block, are low-Ti sub-alkaline olivine 
basalts. Enrichments of LILE relative to LREE, and depletions in Nb and Ta relatively to LILE, 
are similar to those observed for other convergent plate boundary arc magmas around the world 
and suggest that these basalts formed by melting of subcontinental mantle modified by 
dehydration of the subducted Oman Sea oceanic lithosphere. 
2) Northeast of Iran, an isolated outcrop of Neogene/Quaternary alkali olivine basalt, 
containing mantle and crustal xenoliths, formed by mixing of small melt fractions from both 
garnet and spinel-facies mantle. These melts rose to the surface along localized pathways 
associated with extension at the junction between the N-S right-lateral strike-slip faults and E-W 
left-lateral strike slip faults. The spinel-peridotite mantle xenoliths contained in the basalts, 
which equilibrated in the subcontinental lithosphere at depths of 30 to 60 km and temperatures of 
965°C to 1065°C, do not preserve evidence of extensive metasomatic enrichment as has been 
inferred for the mantle below the Damavand volcano further to the west in north-central Iran. 
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3) Neogene mafic rocks within the central Lut block represent the last manifestation of a 
much more extensive mid-Tertiary magmatic event. These basalts formed from both OIB-like 
asthenosphere and subcontinental lithosphere which preserved chemical characteristics inherited 
from mid-Tertiary subduction associated with the collision of the Arabian with the Eurasian plate 
and closing of the Neotethys Ocean. Neogene/Quternary alkali olivine basalts erupted mainly 
along the major faults that bound the Lut block on the east and west. These low-volumes, low-
degree melts have been formed by low variable degrees of partial melting of mantle source 
produced by upwelling asthenosphere replaced the thinned lithospheric mantle.  
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CHAPTER I 
Introduction 
1.1 Problems addressed  
For this thesis, I collected Neogene olivine basalts from four different areas of the Lut 
block eastern Iran (Fig. 1.1), and analyzed them for major and trace elements and isotopic 
compositions, with the goal of understanding the petrogenesis of these igneous rocks and of 
determining their mantle source regions. Specific problems investigated in my research include 
the following:  
 What are the geochemical and isotopic characteristics of Neogene basalts in different 
regions of the Lut block and what processes generated this magmatism? 
 Do these basalts have identical or different mantle sources? 
 What light does the geochemical and isotopic data from these young basalts shed on 
tectonic evolution of eastern Iran? 
 What is the relationship between these young basalts and other Neogene magmatism 
in adjacent areas of Iran? 
This dissertation has been organized in six chapters.  
The first chapter presents a general introduction of the work, a brief background 
concerning the geologic and tectonic evolution of the Lut block, and describes the analytical 
methods. 
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Fig. 1.1. The location of the Lut block and the major structural units that it border. Four white 
ellipsoids indicate the investigated area in this study.  
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The second chapter focuses on petrochemistry and genesis of olivine basalts from the 
Makran arc, where the Oman oceanic plate is being subducted below the southern Lut block. It 
presents the results of radiogenic isotope and geochemical studies of samples of olivine basalts 
collected from small monogenetic parasitic cones of the Bazman stratovolcano. A main goal of 
this study is to compare these basalts with basaltic rocks from Taftan volcano in southeastern 
Iran and Koh-e-Sultan in Pakistan to evaluate the geochemical variations from west-to-east along 
the Makran arc and also with other convergent plate arc magmas in different regions of Iran. 
This chapter has already been submitted to the journal Lithos. 
The third chapter concerns an isolated outcrop of Neogene/Quaternary alkali olivine 
basalt, containing mantle and crustal xenoliths, from northeastern Iran, north of the Lut block, 
where strike-slip faults and crustal rotation has created localized extensional regimes. I present 
the petrochemical characteristics of these olivine basalts and their xenoliths as a contribution 
toward characterizing the mantle below this region. This chapter is in the final stages of 
preparation for submission to a peer-reviewed journal. 
In the fourth chapter, Neogene and Quaternary mafic volcanic rocks erupted along the 
Nayband strike-slip fault, which forms the western margin of the Lut block, are considered to 
evaluate their potential source. This chapter was published in (2010) in the Iranian Journal of 
Earth Sciences, volume 2, p 87-106. 
The fifth chapter concentrates on Neogene mafic rocks, as well as andesitic rocks, within 
the central part of the Lut block. These samples represent the last stages of a protracted 
magmatic event and preserve the chemical characteristics inherited from mid-Tertiary subduction 
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associated with the collision of the Arabian with the Eurasian plate and closing of the Neotethys 
oceans which bounded the Lut block.  
The last chapter of this dissertation summarizes the results of these studies. 
1.2 General background and previous work 
The Lut block is a micro-continental block separated from the rest of the Iranian plateau 
on the east and west by major north-south structural zones (Fig. 1.1). It was near the Arabian 
plate as a part of Gondwana during the early Paleozoic and it experienced different types of 
tectonic activities, including rotation and laterally displacement from early Paleozoic to present 
(e. g., Berberian and King, 1981; Golonka, 2004; Shahabpour, 2005). The present tectonics of Iran 
is a result of the north–south convergence between relatively undeformed shield areas to the 
southwest (Arabia) and northeast (Eurasia). Iran is trapped between these plates to the west and 
north and the Indian plate and the Afghan block in the east. 
The evolution of the present Central-eastern Iranian domain was controlled by a sequence 
of back-arc extensional and compressional cycles that were generated by the north-dipping Neo-
Teotethys subduction (Bagheri and Stampfli, 2008). The timing of subduction, the role of the 
trench pulling force and the movement velocity varied for different plates. These differences led 
to the development of several major strike-slip faults which bound the Lut block and cut both 
continental and Jurassic–Cretaceous oceanic crust (Golonka, 2000; Jackson, 1992; Kopp, 1997). 
Central-Eastern Iran, as a microcontinent, is surrounded on all sides by ophiolites and 
ophiolitic melange probably formed as a result of closure of the Red Sea-type ocean basins 
during the Mesozoic (e. g., Shojaat et al., 2003; Takin, 1972). In the north, the Central- Eastern 
Iran domain is separated from the Alborz–Binaloud by the Sabzewar Basin about 200 km in 
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width (Kaz‟min et al., 2010). To the west, in the Bafgh–Nain Zone, the ophiolitic melange 
separates the Central-Eastern Iran from the Sanandaj–Sinjar Zone (e. g., Sengor, 1990). Similar 
complexes, known as the Sistan suture zone, mark the East Iranian Fold belt that extends from 
south to north between the eastern margin of the Lut block and the Afghan continental blocks (e. 
g., Delaloye and Desmons, 1980; Saccani et al., 2010). Ophiolitic rocks also entered into the Lut 
Block along a system of branching curvilinear faults probably related to the above mentioned 
counterclockwise rotation of the Lut block (Kaz‟min et al., 2010). 
Arc and back-arc magmatism across the Iranian plateau involved contributions from 
subducting oceanic slabs, the subcontinental lithospheric and asthenospheric mantle, and the 
continental crust. In contrast, relatively primitive olivine basalts erupted along the deep crustal 
structures on the margins of the Lut block provide a window into the subcontinental mantle 
below Iran, and the opportunity to determine petrochemical information about this mantle, which 
is an important step in understanding all Iranian Neogene magmatism. However, relatively few 
studies have attempted to characterize the composition of these olivine basalts.  
The first report of the distribution of igneous rocks in east of Iran was presented on a 
1:2,500,000 scale geological map by National Iranian Oil Co. in 1959. The Geological Survey of 
Iran began systematic mapping in the Lut Block in 1963. So far, more than 15 maps on a scale of 
1:250,000 and around 30 maps on scale of 1:100,000 have been prepared. In 1967–1968, the 
National Iranian Oil Company and the French Contractor ERAP did extensive reconnaissance 
work in the Lut region and in the adjoining Flysch Belt. These first results were summarized in 
Stocklin (1968) and Reyre and Mohafez (1970). Earlier work (e. g., Jung et al., 1984; Khorasani, 
1982; Rosenberg, 1981) provided some geochemistry and limited isotopic information for this 
region. In addition, some theses and papers concerning the volcanism of Lut block are available 
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in Farsi. These results and interpretations are mainly based on major and trace elements analysis 
(e. g., Allahpoor, 1997; Arjangravesh, 1972; Boomeri, 2004; Emami, 1972; Ghorbani, 1997; 
Hashemi, 1997; Hashemi et al., 2008; Pourlatifi, 2002; Vosughi Abedini, 1997).  
In this broad regional study, I have attempted to describe the petrogenesis of young 
basaltic rocks and characterize their mantle source region erupted along the margins and within 
the Lut block. These results provide a geochemical framework for better understanding of 
Neogene magmatism, tectonic and metallogenic evolution of Lut block that will help to guide 
future more work. 
More detailed background tectonic and geologic information for each of the areas 
addressed in this thesis are provided in the subsequent chapters. 
1.3 Analytical techniques 
Both standard petrographic thin sections and polished thin section for electron 
microprobe were prepared from these samples. Portions of these samples were also powdered for 
X-Ray fluorescence (XRF) spectrometry analysis for major elements, inductively coupled 
plasma mass spectrometer (ICP-MS) analysis for trace-elements, and also for determination of 
the Nd, Sr and Pb isotope compositions by solid source mass-spectrometry techniques described 
below.  
The samples were examined in thin section, using standard techniques of optical 
mineralogy to determine their textures, mineral contents and rock type. Following visual 
observation, description and photomicrography, selected thin sections were polished for electron 
microprobe to determine mineral compositions. This was done by using a 10 micron diamond 
polishing wheel, followed by a 6 micron polishing wheel and finally a 0.05 alumina powder on a 
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felt pad. Minerals from polished sections were analyzed using the JEOL, JXA-8600 super probe, 
in the Laboratory for Environmental and Geological Science (University of Colorado at 
Boulder), with an electron gun accelerating voltage of 15 kV, current range from 17-24 nA and a 
one micron diameter focused beam. Matrix correction was done by J Armstrong„s ZAF 
correction program using natural mineral standards. Analytical errors are 0.1-1.0 relative percent 
for major elements and 5-20 percent for minor elements. Detailed discussion of using the 
electron microprobe as an analytical tool in geology is given by Reed (1996).  
Rock samples were powdered for whole-rock geochemical analysis. A jaw crusher was 
used to pulverize samples, which were then powdered to 200 mesh with a tungsten carbide 
grinder. These rock powders were bottled and sent to the X-Ray Fluorescence (XRF) laboratory 
in Ferdowsi University of Mashad (Iran), using Philips (X, UniqueII) instrument, for measuring 
the major elements. Detection limits for Si and Al are 100 and 120 ppm, respectively, and the 
values reported for other elements are Ca=55 ppm, Fe=15 ppm, K=20 ppm, Mg=30 ppm, Na=35 
ppm, Mn=4 ppm and P=135 ppm. Trace-elements and REE were determined by ICP-MS 
(Inductively Coupled Plasma Mass Spectrometry) using an ELAN DCR-E instrument at the 
Department of Geological Science, University of Colorado at Boulder. Methods for ICP-MS are 
similar to those described by Briggs PH. (1996). USGS standards were used as the calibration 
standard and to monitor accuracy during ICP-MS analysis. Precision for analytical technique is 
generally better than 5% at the 95% confidence level.  
The isotope lab in the Department of the Geological Science, University of Colorado at 
Boulder, was used for sample preparation and isotope analyses. Isotopic measurements were 
carried out on powders of leached whole-rock material. Rock powders for isotopic analysis were 
generated in a ceramic-lined container. 
87
Sr/
86
Sr ratios were analyzed using Finnigan-Mat 261 
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four-collector static mass spectrometer. Replicate analyses of the SRM-987 standard in this 
mode yielded a mean 
87
Sr/
86Sr of 0.71025±2 (2σ). Measured 87Sr/86Sr were corrected to SRM-
987 = 0.710299±8. Errors are 2σ of the mean and refer to last two digits of the 87Sr/86Sr ratio. 
The Nd isotopic compositions are reported as εNd values using a reference 
143
Nd/ 
144
Nd ratio of 
0.512638. Measured 
143
Nd/
144
Nd was normalized to 
146
Nd/
144
Nd=0.7219. Analyses were 
dynamic mode, three-collector measurements. Thirty-three measurements of the La Jolla Nd 
standard during the study period yielded a mean 
143
Nd/
144Nd =0.511843 ±8 (2σ mean), and as a 
result static mode 
143
Nd/
144
Nd ratios determination for unknowns were corrected upwards to 
agree with the dynamic mode analyses. Details of analytical procedures are given in Farmer et al. 
(1991, 2002). Pb isotopic analyses were four-collector static mode measurements. Sixteen 
measurements of SRM-981 during the study period yielded 
208
Pb/
204
Pb=36.56±0.03, 
207
Pb/
204
Pb=15.449 ±0.008, 
206
Pb/
204Pb=16.905 ± 0.007 (2σ mean). Measured Pb isotope ratios 
were corrected to SRM-981 values (
208
Pb/
204
Pb=36.721, 
207
Pb/
204
Pb=15.491, 
206
Pb/
204
Pb 
=16.937). Total procedural blanks averaged ~1 ng for Pb and Sr, and 100 pg for Nd during study 
period (Farmer et al., 2002) No age correction was applied to the data because of the young age 
of the rocks. 
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CHAPTER II 
Petrochemistry and genesis of olivine basalts from small monogenetic parasitic cones of 
Bazman stratovolcano, Makran arc, southeastern Iran 
Summary 
Lava flows associated with small monogenetic parasitic cones around the Bazman 
stratovolcano, Makran arc area, southeastern Iran, are low-Ti subalkaline olivine basalts with 
moderate MgO (3.8-8.6 wt. %) and high Al2O3 (16.5-18.6 wt. %). Enrichment of large-ion-
lithophile elements (LILE) relative to light rare-earth-elements (LREE; Ba/La = 9-27), and 
depletions in Nb and Ta relatively to LILE (Ba/Nb = 11-60), are similar to other convergent plate 
boundary arc magmas around the world and suggest that these basalts formed by melting of 
mantle modified by dehydration of the subducted Oman Sea oceanic lithosphere. Their wide 
range of trace element ratios (Ba/Y = 5.7-33.4; Ba/Zr = 1.1-3.7), and also their relatively high 
ratio of Zr/Nb (8.5-23), suggests that they have formed as a result of different, but generally low 
degrees of mantle partial melting. The samples have variable 
87
Sr/
86
Sr (0.704177 - 0.705139) and 
143
Nd/
144
Nd (0.512689 - 0.512830) ratios. Their Pb isotopic ratios define a linear trend above the 
Northern Hemisphere References. The samples with the lowest 
87
Sr/
86
Sr ratios (0.70435-
0.704177) and highest 
143
Nd/
144
Nd ratios (0.51280-0.51283) occur west of the Bazman volcano, 
and these basalts also have higher (La/Yb)N (4.6-8.7) and lower Ba/La (8.5–9.8) compared to the 
other samples from east of the volcano ((La/Yb)N = 3.4-5 and Ba/La = 12.2-24.5). These 
variations may be related to local differences in the extent of source region contamination by 
slab-derived fluids, with less hydrous fluid input and lower degrees of mantle partial melting 
west of the Bazman volcano. Comparison with the Taftan volcano in southeastern Iran and Koh-
e-Sultan in Pakistan indicate even greater regional geochemical variations from west-to-east 
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along the Makran arc, including increasing K2O, LILE, LREE, La/Yb and Ba/La, resulting from 
along strike differences in the composition and extent of input of slab-derived fluids below the 
arc and decreasing degree of subarc mantle melting to the east. Ce/Pb and P2O5/K2O ratios also 
suggest that the samples from Taftan and Koh-e-Sultan might be more effected by upper crust 
during ascent to the surface compared to the basaltic samples from small cones around Bazman 
volcano. Other convergent plate arc magmas in different regions of Iran, such as Damavand in 
northern Iran, are chemically distinct, implying some significant variations in the nature of the 
subcontinental mantle and the petrogenesis of different Iranian arc magmas.  
 2.1 Introduction 
The Makran region in southeastern Iran and southwestern Pakistan (Fig. 2.1) is a zone of 
plate convergence where the oceanic crust of the Oman Sea is subducting beneath the Eurasian 
continent and has likely been doing since the Cretaceous (Farhoudi and Karig, 1977). The Bazman 
stratovolcano occurs in the western portion of the Makran volcanic arc. This paper presents 
petrochemical and isotopic characteristics, and discusses the genesis, of young olivine basalts 
erupted from small monogentic parasitic cones located near the Bazman stratovolcano, and 
compares these young basaltic rocks with the other arc-related volcanic rocks erupted elsewhere 
in the Makran arc and on the Iranian plateau.  
2.2 Geological and tectonic setting 
From Late Precambrian until Late Paleozoic time, central and eastern Iran, including the 
Lut block and Makran arc area (Fig. 2.1), were separated from the Arabian plate by the Neo-
Tethys Ocean (e.g. Dercourt et al., 1993; Golonka et al., 1994; Sengor and Natalin, 1996). The  
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Fig. 2.1. (A): A regional map including Makran arc and Lut block. The orange line in this map, 
represents the plate boundary based on Bird (2003) and black line shows the paleo-tethys based 
on Alavi (1991) for northern Iran and from Natal‟in and Sengor (2005) for northern Afghanistan. 
The solid black arrows show the direction of convergence based on GPS observation 
(Nilforoushan et al., 2003). The open black arrows show the convergence velocity based on 
NUVEL-1(De Mets et al., 1990). (B): Simplified geotectonic elements in relation to the Makran 
area (Compiled from McCall, 2002; Musson, 2009). (C): Sample locations. 1: Bazman volcano; 
2: Taftan volcano; 3: Kouh-e-Sultan; 4: Damavand volcano.  
 
 
 
 
(A) (B) 
(C) 
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northeastwards movement of the Arabian margin of the African–Arabian plate and the 
northwestward movement of India during the Cretaceous led to the narrowing of both the 
western and eastern parts of the Neo-Tethys Ocean (Golonka et al., 1994).  
The final closure of western Neo-Tethys and collision between Arabia and central Iran 
took place during the Neogene (Berberian et al., 1982; Berberian and King, 1981). According to 
Hatzfeld and Molnar (2010), collision in the Zagros region of southwestern Iran seems to have 
begun sometime between the end of the Eocene (~35 Ma) and the beginning of the Miocene (~23 
Ma). Ages of early foreland basin fill in the Zagros fold-thrust belt suggests that collision-related 
shortening was certainly underway by the late Oligocene–early Miocene (Fakhari et al., 2008; 
Horton et al., 2008). The Arabian platform, which had been stable since Precambrian time and 
lies adjacent to the Arabian shield, now plunges beneath the crust of central Iran, which has 
progressively become part of Eurasia (Hatzfeld and Molnar, 2010). 
The Zagros Fold-Thrust Belt, the Sanandaj-Sirjan Zone, and the Urumieh-Dokhtar 
magmatic arc are three major structures recognized in western and southwestern Iran related to 
the subduction of Neo-Tethys oceanic crust and the subsequent collision of the Arabian plate 
with the central Iran microplate (Alavi, 1994). To the southeast, along the eastern part of 
Urumieh-Dokhtar magmatic arc, the Makran area is the emerged portion of an accretionary 
prism resulting from the subduction of the Oman Sea oceanic lithosphere beneath southeastern 
Iran (Byrne et al., 1992; Kopp et al., 2000; McCall, 1997; McCall, 2002). The transition between 
Zagros and Makran is described as the „Oman Line‟ trending N20°E (Kadinsky-Cade and 
Barazangi, 1982). It separates the continental crust to the west from the Oman Sea oceanic crust 
to the east (Fig. 2.1). Geologically, the boundary between the subduction of Arabian continental 
crust to the northwest and oceanic crust to the southeast is marked by the presence of the salt 
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domes to the northwest and their absence to the southeast, because the salt derives from old 
saline evaporate sediments of the continental crust (Talbot, 1998). In addition, the change in 
structural style from anticlines in the Zagros to synclines in the Makran arc occurs at the position 
of the Oman Line (McCall, 1985; Talbot, 1998). This transition also marks the boundary 
between a region of high seismicity located in the northwest, the Zagros domain, and the Makran 
arc region of low seismicity to the east (Regard et al., 2009). In earlier work (Ravaut et al., 1998; 
Regard et al., 2009) it was thought that this role, transition between low and high seismicity 
region, was played by the Minab-Zendan Fault system. This system seems to merge northwards 
into the Nayband and Gowk faults which mark the boundary between Central Iran and the Lut 
block (Regard et al., 2005; Walker and Jackson, 2002).  
The Makran coast is an east–west subduction zone running from the Strait of Hormoz in 
southern Iran to the Ornach-Nal Fault in Pakistan (Fig. 2.1). Subduction below this region may 
have occurred throughout the late Mesozoic and Cenozoic up to the present day (Musson, 2009). 
A combination of geological, petrochemical and geochronological data for the Bazman calc-
alkaline diorite to granite intrusive complex (74±2 Ma) situated in southeastern Iran (Fig. 2.1), 
suggests that the complex was related to subduction of Oman Sea oceanic crust beginning as 
early as in the late Cretaceous (Berberian et al., 1982).  
The driving force behind both the Arabian-Eurasian convergence, and also the subduction 
of the western part of the Oman Sea beneath the Makran arc, is the opening of the Red Sea and 
the spreading center of the Shebab Ridge (Fig. 2.1). Kukowski et al. (2000) also identified 
another spreading center at the Murray Ridge (Fig. 2.1), which provides an additional northward 
force for subduction of the easternmost corner of the Oman Sea below Makran. Kukowski et al. 
(2000) identified this region as the Ormara microplate, which is divided from the remainder of 
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the Oman Sea by the Sonne Fault (Musson, 2009). This fault is a sinistral strike-slip fault 
accommodating the differential movement between the Ormara microplate, which is driven 
northwards by the Murray Ridge spreading centre, and the Oman Sea, which is driven by the 
more distant Shebab Ridge (Fig. 2.1).  
This east-to-west difference in plate motions could be the reason why eastern Makran is 
more seismically active (Musson, 2009). Seismological data used by Jackson et al. (1995) has 
shown that western Makran region in Iran has little or no seismic activity, whereas further to the 
east in the Pakistan there is a cluster of seismicity. Jackson et al. (1995) showed the direction of 
movement in eastern Makran as northwestwards in contrast with the other parts of Iran within 
which the vectors are to the northeast. Such vectors, as pointed by McCall (2002) would be 
related to the spreading off the Murray Ridge along these same directions and they are 
compatible with the N-NE trend of the ~500 Km long Makran volcanic chain (Fig. 2.1).  
The north-south trending faults that bound the Lut block cut through and offset the 
Makran arc, and also form the boundaries of the different segments of oceanic crust being 
subducted from the south. The segmented lithosphere in the Makran consists of two blocks, the 
Lut block in the west and the Helmand block in the east, separated by the Sistan suture zone (Fig. 
2.1). Based on the results of body wave inversion of three recent intermediate depth earthquakes 
in this area at 80, 72 and 58 km depths, Zarifi (2006) showed complexity in the source of 
earthquake just at 58 km depth in the south of the Sistan suture zone. This may indicate that the 
Sistan suture zone has a thick root which meets the subducted slab at about 58 km depth (Zarifi, 
2006). 
Data presented by Engdahl & Villasenor (2002) show that below eastern Makran the 
oceanic lithosphere is subducting with a dip angle of about 8°, increasing to about 20°, where it 
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bends into the asthenosphere below the Helmand block. The dip angle of the oceanic slab in the 
western Makran below the overriding continental lithosphere of the Lut block is not clear but it 
bends into the asthenosphere with a dip angle of about 30° (Zarifi, 2006). The free air gravity 
anomaly perpendicular to the trench in the eastern and the western Makran show that the gravity 
anomaly in the trench area in the western Makran is more negative compared to the east. This 
also means the dip angle of the slab where it subducts beneath the overriding lithosphere is 
steeper in the west compared to the east (Zarifi, 2006). 
From south-to-north there are three important geomorphologic features along the Makran 
continental margin: (1) the Makran accretionary prism that extends through southeastern Iran and 
western Pakistan as a result of the subduction of Tethyan oceanic crust beneath the Eurasian 
plate; (2) the Jaz Murian depression, which is located at the southern end of the Lut Block north 
the Makran accretionary prism and (3) a zone of volcanoes with basaltic, andesitic to rhyolitic 
composition which are thought to represent the volcanic arc related to the Makran subduction 
zone (Farhoudi and Karig, 1977). 
In the southern part of the Lut block and Sistan suture zone are located the two large 
dormant Neogene Taftan and Bazman stratovolcanoes forming the western part of the Makran 
volcanic arc in Iran (Fig. 2.1). K-Ar ages for basalts from the west and east part of the Bazman 
stratovolcano indicate that these rocks were erupted at 4.6 Ma and 0.6 Ma, respectively (Conrad 
et al., 1981). Taftan volcano consists of pyroclastic, tuffs, ignimbrites and lava flows, including 
basalts, basaltic-andesites, andesites and dacites (Ghazban, 2004). Tuffs and ignimbrites near 
Taftan stratovolcano could be as young as 2 Ma (Moinvaziri and Aminsobhani, 1978). Using 
K/Ar method for age determination on selected andesitic and andesite-basalt samples, 
Biabangard and Moradian (2008) determined that volcanic activity at Taftan strato-volcano 
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began at least 6.95 m.y. years ago and the youngest eruption probably occurred at <0.71 Ma. 
Also, age determination of two samples from the andesitic lava on the northwestern flank of the 
Taftan volcano indicates <0.8 to 2.6 Ma (40Ar/39Ar method, Moinvazire, 1998). A lava flow 
was reported at Taftan in 1993, but may instead have been a molten sulfur flow (Siebert and 
Simkin, 2002). The Koh-e-Sultan, located in the eastern Makran volcanic arc in Pakistan (Fig. 
2.1), is less than 2.5 m.y. old (Siddiqui, 2004). It has a compositional range from basaltic 
andesites to dacites and a calc-alkaline fractionation trend.  
2.3 Results 
Samples were collected from lava flow associated with 12 small monogenetic parasitic 
cones around the Bazman stratovolcano (Fig. 2.1). Two of the samples (KH1 and KH2) come 
from the area of the Sistan suture zone, east of the southern extension of the Nehbandan fault, 
while the other 10 occur within the southern part of the Lut block. 
2.3.1 Petrography  
The basaltic rocks collected from the small monogenetic cones along the east and west 
sides of Bazman strato-volcano are dark colored, compact and occasionally contain vesicles. 
They have mainly porphyritic texture, containing 5% to 15% sub to euhedral olivine (0.5-2 mm 
in diameter) ± clinopyroxene (0.5-1mm in diameter) and ± plagioclase (1-1.5 mm in diameter) 
phenocrysts (Appendix A). Hornblende is also present as a phenocryst in one sample (B21; 
Appendix A).  Groundmass textures are microcrystalline and vary between trachytic, intersertal 
and intergranular with subhedral olivine, lath-like plagioclase, clinopyroxene and Ti-magnetite 
as the dominant phases. Occasionally glass is present in the groundmass. In some samples 
plagioclase laths are embedded in subhedral and anhedral phenocrysts of augite clinopyroxene 
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resulting in subophitic texture. Apatite is an accessory mineral. Small amounts of secondary 
calcite occur in fractures and vesicles in some samples, which are otherwise fresh and unaltered. 
2.3.2 Mineral compositions 
Olivine 
The olivine phenocrysts typically consist of a comparatively homogeneous Mg-rich core 
mantled by a relatively thin, less forsteritic rim (Appendix A). The cores also have higher NiO 
contents
 
and lower MnO contents than the rims. The Mg# of cores
 
are generally higher than 78 
and can reach to 89
 
(sample B-20). The rims have variable compositions, with Mg# ranging from 
70 to 75. Microliths of olivine show relatively similar composition to the rim of the olivine 
phenocrysts. Small grains of chromium spinel are present within some olivine phenocrysts. 
Clinopyroxene 
Clinopyroxene grains are present as phenocrysts in these samples. Both the 
clinopyroxene phenocrysts and those present in the matrix are predominantly diopside and augite 
(Wo40-44, En42-48, Fs12-14; Appendix A). The amount of TiO2 in clinopyroxenes ranges from 0.7 to 
1.3 wt %. 
Hornblende 
Hornblende is present only in sample B-21. Al2O3 varies between 13.1-13.8 wt. % and 
TiO2 content is ~2 wt. % (Appendix A). The ratio of K2O/Na2O is between 0.07-0.1 with very 
low K2O content (Appendix A). Hornblende in basalts is generally interpreted as reflecting 
relatively high water pressure (Moore and Carmichael, 1998). 
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Feldspar 
The compositional range of plagioclase is mainly An47-83 (Appendix A), but for one 
sample (B-14) the range varies from An29-83. In all samples plagioclase grains are homogeneous 
and there is no or only very weak zoning.  
2.3.3 Whole rock compositions 
Major elements 
The major element concentrations of the Quaternary samples from the monogenetic 
cones around Bazman volcano in the western Makran arc are presented in Table 2.1, and their 
average composition is compared in Table 2.2 along with the average of some other young 
basalts from Taftan and Koh-e-Sultan volcanoes progressively further to the east in the Makran 
arc, from to the north in the Lut block, from Damavand volcano in northern Iran, and from 
northwestern Iran. Samples analyzed as part of this study plot in both the alkaline and 
subalkaline basalt fields on silica versus total alkalis classification diagram (Fig. 2.2).  
Normative nepheline of some of the samples is as high as 13 percent. K2O versus Na2O 
and MgO versus TiO2 diagrams show that these basalts belong to Na-Series and low-Ti basalts 
(Fig. 2.2), whereas the Quaternary and Neogene alkali basalts from the northern and western Lut 
have higher Ti content (Table 2.2 and Fig. 2.2). 
The samples have moderate MgO (3.8 - 8.6 wt. %) and high Al2O3 (16.5 - 18.6 wt. %; 
Table 2.2). They show relatively strong positive correlation between CaO versus MgO, whereas 
SiO2 contents show negative correlations with MgO (Fig. 2.3).  
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Table 2.1. Major elements composition of samples from the Makran area around the Bazman 
volcano. 
 
  Western Bazman volcano 
 
Eastern Bazman volcano 
Sample B-13 B13-2 B-14 B-15 B-17 B-21 
 
Kh-1 Kh-2 B-22 B-1 B-2 
SiO2 45.80 47.50 47.10 46.00 52.40 45.70 
 
47.80 51.80 46.90 50.80 50.60 
2OiT 1.00 1.10 1.10 0.90 1.00 1.10 
 
1.00 1.00 1.00 0.90 0.80 
3T2lA 17.50 18.00 18.60 16.50 18.20 17.20 
 
17.30 17.00 17.00 17.70 17.30 
OeT 9.10 9.40 9.30 9.40 7.40 9.70 
 
8.20 8.10 9.00 7.70 7.60 
OnT 0.15 0.15 0.14 0.14 0.13 0.15 
 
0.14 0.14 0.15 0.13 0.14 
OgT 8.40 6.60 5.90 5.50 3.80 8.60 
 
6.60 4.30 8.50 6.00 6.00 
OaT 10.80 11.10 11.00 13.60 9.90 11.50 
 
11.50 10.10 10.50 9.70 10.10 
T2aa 4.00 3.77 3.96 2.54 3.74 3.82 
 
3.93 3.82 3.99 4.14 4.07 
T2K 0.65 0.92 0.86 0.65 0.98 0.81 
 
0.74 0.70 0.49 0.66 0.92 
5T2P 0.23 0.20 0.24 0.11 0.15 0.17 
 
0.17 0.17 0.17 0.23 0.18 
L.T.I 1.33 0.33 0.12 2.96 1.05 0.37 
 
1.20 1.59 1.00 0.76 0.63 
OataA 98.90 99.00 98.30 98.30 98.80 99.10 
 
98.60 98.70 98.60 98.70 98.30 
             
T2a/T2K 0.16 0.24 0.22 0.26 0.26 0.21 
 
0.19 0.18 0.12 0.16 0.23 
T2K+T2aa 4.65 4.69 4.82 3.19 4.72 4.63 
 
4.67 4.52 4.48 4.80 4.99 
 #Og 83.00 - 83.00 - - 81.00 
 
87.00 - 87.00 - - 
N. Neph 11.00 8.00 9.00 5.00 0.00 13.00   8.00 0.00 9.00 1.00 3.00 
Major element data (in wt %) are from XRF analysis. Mg# = 100Mg/(Mg + Fe
+2
) calculated with 
Fe
2+
= 0.85(total Fe). Total Fe reported as FeO. N. Neph= Normative nepheline.  
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Table 2.2. The average of major elements concentration (in percent) of the basaltic samples  
from near Bazman volcano compared with the young basalts from elsewhere in Iran and 
Pakistan. 
 
  Makran arc   Western Lut   North, NW and northeastern Iran 
Sample  Baz. Taf. Pak. 
 
NNF MNF 
 
Dam.   NW   NE 
No.       11           3        2 
 
           5         3 
 
         4     7     5 
SiO₂ 48.4 50.5 
  
50.9 47.3 
 
49.8 48.7 49.3 
TiO₂ 1.0 0.9 0.4 
 
2.2 2.8 
 
1.6 1.6 2.0 
Al₂O3 17.5 17.6 7.5 
 
14.7 13.9 
 
15.5 15.5 17.2 
FeO 8.6 7.3 4.8 
 
10.2 12.2 
 
8.1 9.8 10.8 
MnO 0.1 0.1 0.1 
 
0.1 0.2 
 
0.1 0.2 0.2 
MgO 6.4 4.8 2.8 
 
5.0 6.5 
 
7.2 7.0 5.1 
CaO 10.9 8.9 4.3 
 
8.4 8.1 
 
7.6 9.4 5.7 
Na₂O 3.8 3.3 
  
4.6 4.5 
 
4.5 4.4 5.3 
K₂O 0.8 1.2 2.1 
 
1.1 2.5 
 
4.0 2.0 2.2 
P₂O5 0.2 0.3 0.2 
 
0.3 0.7 
 
1.2 0.8 0.4 
Total 97.6 95.0 
  
97.5 98.7 
 
99.6 100.3 98.2 
           K₂O+Na₂O 4.6 4.6 
  
5.8 7.0 
 
8.5 6.4 7.6 
K₂O/Na₂O 0.2 0.4    0.2 0.6  0.9 0.5 0.4 
No. = number of samples. Baz. (Bazamna area) from this study; Taf. (Taftan area) from 
Biabangrad and Moradian (2008); Pak. (Pakistan, Koh-e-Sultan ) from Nicholson et al. (2010); 
NNF (Northern Nayband fault) and MNF (Middle Nayband fault) from Saadat et al, (2009). 
Dam.(Damavand, northern Iran) from Liotard et al, (2008); NW(northwestern Iran) from 
Kheirkhah et al. (2009). NE (Northestern Iran) from  Saadat et al. (2008). 
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Fig. 2.2. (Top) Geochemical division of rocks based on Na2O+K2O (wt.% ) against SiO2(wt.%), 
from (Cox et al., 1979). The dividing line between  subalkaline and alkaline field is from 
(Myashiro, 1978).  Samples of previous study for Bazman area are taken from (Salkhi, 1997), 
and samples of previous study for Taftan from (Biabangard and Moradian, 2008). (Down)  K2O 
versus Na2O diagram, showing the samples belong to the Na- series after (Middlemost, 1975);  
TiO2 versus MgO indicates that the content of Ti is low in these samples. Samples from 
northestern Iran and western Lut from (Saadat et al., 2010, 2008), samples from Pakistan are 
taken from (Nicholson et al., 2010). 
 
 
 
 
High-Ti 
Northeastern Iran 
Western Lut (NNF) 
Western Lut (MNF) 
Kuh-e-Sultan (Pakistan) 
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Fig. 2.3.  Binary plots of MgO versus CaO, SiO2, Ni and Cr, and major elements against Zr 
(ppm). References as the same as pointed for Figure 2.2. 
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Compatible and incompatible trace elements 
Trace elements concentrations of Quaternary Makran basalts from the southern Lut block 
are presented in Table 2.3 and their average concentrations are compared with the average of 
other arc related mafic rocks along the Makran arc, within other parts of the Lut block, and in 
northern and northwestern Iran in Table 2.4. On a Nb/Y versus Zr/TiO2 diagram (Fig. 2.4), 
chosen because it does not depend on mobile elements such as Na or K, most of the samples of 
the Makran basalts plot in the field of subalkaline basalt and a few of them plot in the fields of 
basaltic andesites and andesites (Fig. 2.4). Geotectonic chemical discrimination diagram, such as 
those based on Th-Zr-Nb or Zr versus Ti, indicate that these samples plot in the calc-alkaline 
basalt field (Fig. 2.4). In contrast, other Quaternary/Neogene basalts located in the northern and 
western part of the Lut block are alkaline basalts (Saadat et al., 2008; 2010). 
Primitive mantle normalized value of trace-element abundances for Quaternary Makran 
basalts (Fig. 2.5) show enrichment of large-ion-lithophile elements (LILE) with respect to the 
high field strength elements (HFSE) including Zr, Nb and Ti, and enrichment of the light rare 
earth elements (LREE) with respect to the heavy rare earth elements (HREE). These lavas range 
between 10 and 40 times primitive mantle for the LREE and between 3 and 6 times primitive 
mantle for the HREE. Values of (La/Yb)N vary from 3.4 – 8.7 for these samples. The lavas also 
show a very weak negative Eu anomaly (Fig. 2.5). Depletions in Nb and Ta relative to LILE (Ba, 
Sr) and other characteristics, such as low TiO2, high Ba/La (9-27) and Ba/Nb (11-60) for 
Quaternary Makran basalts from the southern Lut block suggest affinities with other convergent 
plate boundary arc magmas around the world. Trace element normalized pattern of these samples 
from the Bazman area are very similar to published data from Taftan Quaternary basaltic 
samples (Fig. 2.5), but samples from Koh-e-Sultan further to the east in Pakistan have  
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Table 2.3. Trace elements concentrations (in ppm). 
Subscript N indicates chondrite-normalized values of La and Yb (Sun & McDonough 1989). 
  Western Bazman volcano   Eastern Bazman volcano 
Sample B-13 B13-2 B-14 B-15 B-17 B-21   B-22 Kh-1 Kh-2 
Ni 171 126 83 50 33 147 
 
151 85 116 
Cr 212 163 169 38 34 216 
 
169 164 180 
V 190 204 231 272 222 242 
 
177 208 248 
Cs 0.2 0.7 0.1 1.8 2.8 0.3 
 
0.2 0.5 0.7 
Rb 22 21 11.6 26 54.4 14.7 
 
11.4 21 19 
Ba 125 184 148 209 624 170 
 
147 181 271 
Sr 493 617 787 734 1000 552 
 
482 633 724 
Nb 6 9 12.9 4 10.4 7.6 
 
6.6 9 11 
Ta 1.2 1.7 4.9 1 2.3 1.5 
 
3.4 0.5 1.9 
Zr 111 115 110 94 168 106 
 
127 113 105 
Ti 7520 7091 6093 6775 6193 7452 
 
6922 6219 5549 
Y 21.8 12.7 18.5 16.1 18.7 17.4 
 
19.9 15 20 
Hf 2.9 2.8 4.1 2.4 3.7 2.7 
 
3.2 2.7 2.6 
Th 2.1 1.8 5.1 2.7 5.4 1.6 
 
1.5 1.9 2.3 
U 0.5 0.5 0.5 0.7 1.5 0.5 
 
0.4 1.2 0.8 
Pb 3.2 5.8 4.1 4.8 10.2 3.6 
 
4.2 3.3 3.5 
La 12.7 13.8 17.4 12.5 22.9 13.9 
 
12 7.4 12.9 
Ce 29.1 31.8 37.6 24 48.7 32.2 
 
26.8 16.3 31 
Pr 3.8 3.6 4.9 3 5 3.4 
 
3.3 2 3.5 
Nd 15.4 16.4 20.2 13.8 19.2 16.6 
 
14.7 9.7 14.5 
Sm 3.7 3.1 3.6 2.7 3.4 3.2 
 
3.2 2.3 3.1 
Eu 1.1 0.9 1.3 0.9 1.1 1.1 
 
1.1 0.9 1.1 
Gd 4.1 3.5 4.5 3.9 4.9 3.9 
 
3.9 3 3.9 
Tb 0.6 0.5 0.7 0.5 0.6 0.6 
 
0.6 0.4 0.6 
Yb 2 1.4 1.7 1.4 1.9 1.7 
 
1.8 1.6 1.9 
Lu 0.3 0.2 0.3 0.3 0.3 0.3 
 
0.3 0.2 0.4 
           
Nb/U 13 20 29 6 7 14 
 
17 8 14 
Ce/Pb 9.1 5.4 9.2 5 4.8 9 
 
6.4 4.9 8.9 
Ba/Zr 1.1 1.6 1.3 2.2 3.7 1.6 
 
1.2 1.6 2.6 
Ba/Y 5.7 14.5 8 13 33.4 9.8 
 
7.4 12.1 13.6 
Ba/La 9.8 13.3 8.5 16.7 27.2 12.2 
 
12.3 24.5 21 
Ba/Nb 20.8 20.4 11.5 52.3 60 22.4 
 
22.3 20.1 24.6 
Zr/Nb 18.6 12.8 8.5 23.5 16.2 14.1 
 
19.2 12.6 9.5 
La/Nb 2.1 1.5 1.3 3.1 2.2 1.8 
 
1.8 0.8 1.2 
Y/Nb 3.6 1.4 1.4 4 1.8 2.3 
 
3 1.7 1.8 
(La/Yb)N 4.6 7.3 7.5 6.4 8.7 5.9   4.8 3.4 5 
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Table 2.4. The average of trace elements concentrations (in ppm) of the basaltic samples from 
near Bazman volcano compared with the young basalts from elsewhere in Iran and Pakistan. 
 
Makran Arc 
 
Western Lut 
 
North, NW and NE Iran 
  Baz. Taf. Pak.  
NNF   MNF 
 
Dam.     NW      NE 
Ni 107 72 
  
98 165 
  
124 97 
Cr 149 180 100 
 
166 213 
  
181 66 
V 222 160 188 
 
156 219 
  
170 165 
Cs 0.8 1.7 3.2 
 
0.5 0.8 
  
2 2 
Rb 22.4 37.6 59 
 
27 47 
 
53 32.5 43 
Ba 229 709 1370 
 
297 513 
 
1843 723 578 
Sr 669 3059 1140 
 
535 1341 
 
2315 98 681 
Nb 8.5 10.4 10.5 
 
28 77 
 
55 32 46 
Ta 2.1 0.7 
  
5.4 4.8 
 
2.9 2 3.2 
Zr 117 119 126 
 
174 218 
 
380 228 214 
Y 18 19 15 
 
18 22 
 
20 31 17 
Hf 3 3.5 3 
 
4.4 5.1 
 
7.9 4.7 5.1 
Th 2.7 7.1 9.1 
 
1.7 5.5 
 
11.3 8.4 3.2 
U 0.7 1.4 2.5 
 
0.5 1.3 
 
2.6 1.8 1 
Pb 4.7 11.7 10 
 
2.2 DL 
 
14 10.5 2.2 
La 13.9 25.7 40.3 
 
16.4 44.8 
 
128.4 56.9 21.8 
Ce 30.8 53.2 69 
 
37.1 87 
 
247.7 109.2 45.3 
Pr 3.6 6.5 7.8 
 
4.2 9.7 
 
24.5 13.2 5.9 
Nd 15.6 26.4 29.7 
 
19.9 40.6 
 
87.6 50.3 24 
Sm 3.1 5.1 5.1 
 
5.1 8 
 
11.4 8.3 5.3 
Eu 1.1 1.3 1.4 
 
1.8 2.4 
 
3.3 2.3 1.8 
Gd 3.9 4.7 4.4 
 
5.9 8.8 
 
7.2 6.5 5.8 
Tb 0.6 0.7 0.6 
 
0.8 1 
 
0.9 1 0.7 
Yb 1.7 1.8 1.4 
 
1.3 1.5 
 
1.4 2.6 1.4 
Lu 0.3 0.3 0.3 
 
0.2 0.2 
 
0.2 0.4 0.2 
           Nb/U 11.8 7.3 4.2 
 
56 59.2 
 
21.5 17.7 46 
Ce/Pb 6.6 4.5 6.9 
 
16.9 
  
17.8 10.4 20.6 
Ba/Zr 2 6 10.9 
 
1.7 2.4 
 
4.9 3.2 2.7 
Ba/Y 12.9 38.3 89.8 
 
16.5 23.3 
 
92.2 23.7 34 
Ba/La 16.5 27.6 34 
 
18.1 11.5 
 
14.4 12.7 26.5 
Ba/Nb 26.9 68.2 130.5 
 
10.6 6.7 
 
33.5 22.8 12.6 
Zr/Nb 15 13.7 12 
 
6.4 2.8   6.9 7.2 4.7 
La/Nb 1.8 2.5 3.8 
 
0.6 0.6   2.3 1.8 0.5 
Y/Nb 2.3 1.8 1.5 
 
0.7 0.3   0.4 1 0.4 
(La/Yb)N 6 10 21   8 19   65 16 11 
 Subscript N indicates chondrite-normalized values of La and Yb (Sun & McDonough 1989).   
The number of samples, abbreviation and references are similar to Table 2.2. 
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Fig. 2.4. (Top) Binary plot of Zr/TiO2 versus Nb/Y (Winchester and Floyd, 1977) illustrates that 
the samples are plotted on sub-alkali basalts, alkali basalts and basaltic-andesitic fields. (Down) 
Geotectonic setting based on proportions of Ti-Zr (Pearce and Cann, 1973)  and Nb-Zr-Th 
(Wood, 1980). All samples are plotted as calc-alkaline basalts field. The symbols are the same as 
shown in previous figures. 
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Fig. 2.5. (Top) Primitive mantle normalized multi-elements for Makran area (Bazman, Taftan 
and  Koh-e-Sultan Quaternary basalts). (Down) Primitive mantle normalized values for Makran 
Quaternary basalts compared with pre-collision (Eocene-Oligocene) and post-collision (Mid-
Late Miocene) diorite and quartz diorite(kuh Panj) from the NW of the Makran area, Quaternary 
basalts from Damavand volcano in northern Iran and Quaternary basalt from NWIran/East 
Turkey boundaray. Normalization values from (Sun and McDonough, 1989). Damavand from 
(Liotard et al., 2008),  Taftan from (Biabangard and Moradian, 2008), Koh-e-Sultan from 
(Nicholson et al., 2010). Per and post collision data from(Shafiei et al., 2009), NW/E Turkey 
from (Kheirkhah et al., 2009).  
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higher La and lower Yb, thus higher (La/Yb)N. The basaltic samples from near the Bazman 
volcano are also similar to the pre-collision mafic and intermediate intrusion rocks (Eocene–
Oligocene) reported by Shafiei et al.(2009) from the northwest of the Makran region (Fig. 2.5), 
whereas the Quaternary basaltic rocks erupted from Damavand volcano in northern Iran have 
higher abundances of LILE, LREE and HFSE than the Makran basaltic rocks (Fig. 2.5). Other 
young mafic volcanic rocks from northwestern Iran also show high values of LILE and LREE, 
but lower abundances of HREE than the Damavand samples (Fig. 2.5).  
2.3.4 Radiogenic isotopes 
Five samples have been analyzed for Sr, Nd and Pb isotopes and results are listed in 
Table 2.5. The 
87
Sr/
86
Sr ratios range from 0.704177 to 0.705139 and
143
Nd/
144
Nd ratios range 
from 0.512689 to 0.512830. The calculated initial 
87
Sr/
86
Sr ratios of the granodiorites and 
diorites of the late Cretaceous Bazman igneous complex also vary over a very similar range from 
0.7043 to 0.7053 (Berberian et al., 1982). 
87
Sr/
86
Sr ratio in Taftan volcanic samples vary from 
0.705326 to 0.705921 (Biabangard and Moradian, 2008), and this ratio for one young basaltic 
sample is 0.705887 (Table 2.5). The variations in the 
87
Sr/
86
Sr and 
143
Nd/
144
Nd ratios of the 
southeastern Iran Makran arc basaltic lavas in the area of the Bazman volcano are shown and 
compared with the other samples from the northern and eastern Iran in (Fig. 2.6). 
The Pb isotopic composition of Quaternary Makran basalts plots above the Northern 
Hemispheric Reference Line (NHRL), and range from 38.223 to 38.665, 15.525 to 15.612 and 
18.389 to 18.639 for 
208
/
204
Pb, 
207
/
204
Pb and 
206
/
204
Pb respectively (Table 2.5, Fig. 2.6). 
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Table 2.5. Sr, Nd, and Pb isotopic composition of Makran basalt samples and the other Neogene 
and Quaternary basalts from Iran.  
Sample   87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Age Rock ype Ref. 
Makran area (SE Iran)             
Bazman 
     
                  
A 
Kh-1 
 
0.705139 0.512732 18.6386 15.6117 38.6647 Plio-Q Basalt 
 
B-21 
 
0.705129 0.512689 18.522 15.568 38.457 Plio-Q Basalt 
 
B-13 
 
0.704177 0.51283 18.4508 15.541 38.3546 Plio-Q Basalt 
 
B-14 
 
0.704349 0.512801 18.389 15.525 38.223 Plio-Q Basalt 
 
B-22 
 
0.704765 0.512805 18.561 15.557 38.392 Plio-Q Basalt 
 
Taftan 
     
                     
B 
TSM 92 
 
0.705326 
    
Plio-Q Andesite 
 
TSM 128 
 
0.705887 
    
Plio-Q Basalt 
TSM 153 
 
0.705921 
    
Plio-Q Andesite 
 
TST 71 
 
0.705701 
    
Plio-Q Andesite 
 
Kuh Panj (SE Iran) 
     
                    
C 
IJP   0.704253 0.512812 18.608 15.605 38.734 Mio. Quartzdiorite 
 
Western Lut (E Iran) 
     
                     
D 
S2-3 (NNF)   0.705555 0.512728 18.47 15.556 38.409 Neogene Basalt 
 
S3-1 (NNF) 
 
0.705312 0.512686 18.564 15.581 38.589 Neogene Basalt 
 
GM-1 (MNF) 
 
0.704592 0.512709 18.755 15.583 38.753 Q Basalt 
 
GG-1 (MNF) 
 
0.704505 0.51273 18.975 15.596 38.596 Q Basalt 
 
NE Iran 
      
                   
E 
N1 
 
0.70525 0.512738 18.52 15.535 38.435 Neogene Basalt 
 
N3 
 
0.705013 0.512735 18.353 15.526 38.134 Neogene Basalt 
 
NW Iran 
      
F 
Mu 12.17 
 
0.7156 0.51269 
   
Q Hawaiite 
 
Mu 15.18 
 
0.705008 0.51273 
   
Q Basalt 
 
Mu 15.20 
 
0.704979 0.512627 
   
Q Basalt 
 
Mu 16.23 
 
0.70557 0.512643 
   
Q Hawaiite 
 
PK 4 
 
0.705163 0.512654 
   
Q Mugearite 
 
Mu 11.16 
 
0.705705 0.512708 
   
Q Hawaiite 
 
N Iran (Damavand) 
     
                   
G 
DH30 
 
0.704496 0.512688 18.711 15.627 38.846 Q Absarokite 
 
DH44 
 
0.704466 0.512656 18.726 15.615 38.859 Q Absarokite 
 
DH27 
 
0.70455 0.512675 18.765 15.622 38.907 Q Absarokite 
 
DH28   0.704531 0.512668 18.77 15.619 38.894 Q Absarokite 
 
A= This study, B= (Biabangard and Moradian, 2008), C= (Shafiei et al., 2009), D= (Saadat et al., 
2010), E= (Saadat et al., 2008), F= (Kheirkhah et al., 2009) and G= (Liotard et al., 2008). 
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Fig. 2.6. 
87
Sr/
86
Sr ratio versus 
143
Nd/ 
144
Nd comparing southern Lut block samples (Makran area) 
with the other alkali basalts Iran. Plot of 
207
Pb/ 
204
 Pb and 
208
Pb/
204
 Pb versus 
206
Pb/
204
Pb.  
NHRL= Northern Hemisphere Reference Line (Hart, 1984). Base diagrams from (Hofmann, 
1997) and references therein. Data are taken from references documented in Table 2.5.  
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2.4 Discussion and conclusions 
The Makran region is a zone of active subduction (e.g. Berberian et al., 1982; Dupuy and 
Dostal, 1978; Farhoudi and Karig, 1977; Glennie et al., 1990; McCall, 2002), where the oceanic 
crust of the Oman Sea is being subducted beneath Eurasia. It is generally accepted that 
magmatism related to active continental margin is initiated by the dehydration of the subducted 
oceanic lithosphere resulting in the addition of subducted components into and melting of the 
overlying mantle wedge (e.g. Baker, 1982; Pearce and Peate, 1995; Stern, 2004; Tatsumi et al., 
1983; Wilson, 1989; Wyllie, 1984).   
The following discussion considers first the petrogenetic processes that may have 
produced the young basaltic rocks erupted from monogenetic parasitic cones near the Bazman 
volcano, and secondly considers variations in the compositions of magmas erupted from west-to-
east along the Makran arc, as well as differences with the other arc-related volcanic rocks 
erupted elsewhere on the Iranian plateau. 
2.4.1 Makran arc basaltic magma genesis 
Mantle source region composition 
Trace elements abundance patterns for basaltic rocks from near the Bazman volcano 
show a distinctive pattern with peaks at Ba, Rb, Th and Sr and a marked trough at Nb, Ta and Ti 
(Fig. 2 5). The relative enrichment of elements of low ionic potential (LIL like Rb, Sr, Ba and 
Th) compared to elements of high ionic potential (HFSE like Nb, Ta, Ce, Zr, Sm, Ti and Yb) is a 
characteristic of arc basalts that is distinctly different from N-MORB and OIB (Wilson, 1989). 
Such patterns may be a characteristic of all subduction related magmas, showing the 
participation of subduction-zone fluids enriched in Sr, K, Rb, Ba and Th in their petrogenesis 
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(Wilson, 1989). For example, according to Sun and McDonough (1989), Ba/La ratio around 10 is 
expected for primitive mantle. For the basalt samples from the Bazman volcano this ratio varies 
from 8 to 27, but with only one sample <10 (sample B14). Although the enrichment in low ionic 
potential elements has been attributed to metasomatism of the mantle source of the arc basalts by 
hydrous fluids released from the subducted slab, the relatively depletion in high ionic potential 
elements has been variably attributed to either high degrees of partial melting of deplete mantle 
and/or to the stability of residual mantle phases in the subarc mantle (Pearce, 1982).  
The samples have different 
87
Sr/
86
Sr (0.704177 - 0.705139) and 
143
Nd/
144
Nd (0.512689 - 
0.512830) ratios (Table 2.5) falling within the field of oceanic island basalt (OIB, Fig. 2.6). This 
means that they cannot be derived by simple partial melting of depleted MORB-type source 
asthenosphere mantle wedge enriched in radiogenic Sr by slab-derived fluids, as are many intra-
oceanic island arc basalts (Hawkesworth and Powell, 1980; Wilson and Davidson, 1984). 
Instead, these data, require a model involving partial melting of an already enriched mantle 
contaminated by subducted components (Wilson, 1989). The variation of 
208
Pb/
204
Pb and 
207
Pb/
204
Pb versus 
206
Pb/
204
Pb for these basaltic rocks define a linear trend above the Northern 
Hemisphere Line (Fig. 2.6). According to Wilson (1989), these data also confirm the 
involvement of an enriched mantle source, rather than MORB source mantle in the generation of 
these basalts. The significantly greater Pb abundances in sediment compared to the mantle the 
high value of Pb isotopic ratios in Bazman samples may be indicative the effect of recycling of 
sediments into the mantle source.  
Stern et al. (1990) documented the higher ratios of large-ion-lithophile-elements (LILE) 
to rare-earth-elements (REE; for example Ba/La), REE to high-field-strength-elements (HFSE; 
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for example La/Nb), and very high ratios of LILE to HFSE (for example Ba/Nb) for Andean 
convergent plate boundary arc magmas compared to oceanic island basalts (OIB) and intra-plate  
basalts. These reflect the fact that LILE are more soluble than REE, and REE more soluble than 
HFSE, and therefore relatively enriched in slab-derived fluids (Hickey-Vargas et al., 1986). 
Quaternary basaltic samples from Bazman volcano have variable Ba/La, La/Nb and Ba/Nb ratios 
(Fig. 2.7), but in general most of these samples show high ratios of these elements, greater than 
in OIB, and relatively similar to those of Andean orogenic high-Al basalts (Stern et al., 1990). 
However, some samples have ratio of Ba/La similar to intra-plate alkali basalts (OIB; Fig. 2.7) 
and this therefore suggests only a relatively small input of slab-derived components for these 
samples.   
In the Andes, decreasing Ba/La and La/Nb associated with increasing La content and 
light-REE to heavy-REE ratios (La/Yb), the latter interpreted as a measure of the degree of 
partial melting of the mantle, are observed in back-arc basalts relative to the large 
stratovolcanoes along the Andean volcanic front (Muñoz and Stern, 1988; Stern, 2004; Stern et 
al., 1990). It has therefore been suggested that the input of slab-derived fluids into the subarc 
mantle is lower behind the volcanic front compared to below the volcanic front, and as the input 
of fluids decreases so does the percent of mantle partial melting. In the Andes, relatively low 
Ba/La and La/Nb and high La/Yb is also observed for basalts erupted from monogenetic parasitic 
cones compared to those erupted from large central-vent stratovolcanoes (Hickey-Vargas et al., 
1989). These difference have been explained by a model in which large batches of magma 
generated by higher degrees of mantle partial melting mix below the stratovolcanoes, while 
smaller batches of magma generated by lower degrees of mantle melting rise directly from the 
mantle to generate the small monogenetic parasitic cones. 
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Fig. 2.7.  La/Nb and Ba/La ratios versus La concentration and also Ba/Nb versus 
87
Sr/
86
Sr. The 
limit of the field of oceanic island basalt (OIB ) and MORB from Hickey et al. (1986), the other 
data from the same references mentioned before.  
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Although no trace-element data is available for magmas erupted from the large Bazman 
stratovolcano, the low Ba/La and La/Nb ratios for some of the basalts from the small 
monogenetic parasitic cones around the Bazman stratovolcano might reflect a relatively low, but 
still significant, input of slab-derived fluids in the mantle away from below this large 
stratovolcano.  
Some (B14 and B13), but not all (B21) of the Quaternary basaltic samples from the 
western part of the Bazman volcano show lower 
87
Sr/
86
Sr ratios (0.70435-0.70418), higher 
143
Nd/
144
Nd ratios (0.51280-0.51283) and lower 
207
Pb/
204
Pb at a given 
208
Pb/
204
Pb. These samples 
also have higher values of La/Yb ratio (10.5-6.5) and lower values of Ba/La and La/Nb ratios 
compared to the other samples from this area (Table 2.3 and 2.4). The association of lower 
values of Ba/La and La/Nb with lower 
87
Sr/
86
Sr at a given 
143
Nd/
144
Nd, and lower 
207
Pb/ 
204
Pb at 
a given 
208
Pb/
204
Pb for samples from the western part of the Bazman volcano compared to those 
from the eastern part of the Bazman volcano may be related to variations in the extent of source 
region contamination processes. We conclude that there is less input of slab-derived components 
in basaltic rocks from west of the Bazman volcano, while to the east, the quantity of slab-derived 
fluids increases and the basalts erupted here, which are derived by relatively higher degrees of 
partial mantle melting, exhibit higher Ba/La, La/Nb and Ba/Nb, but lower La/Yb. 
Mantle partial melting 
Certain chemical parameters can be used to assess the degree of partial melting. For 
example, during partial melting processes, the highly/moderately incompatible element ratios 
(such as Ba/Y and Ba/Zr) are known to decrease with increasing degrees of partial melting 
(Pankhurst, 1977). The Zr/Nb ratio measures the degree of partial melting primarily because Nb 
becomes concentrated in the melt to a greater extent than Zr (Camp and Roobol, 1992). The wide 
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range of these elemental ratios (Ba/Y=5.7-33.4; Ba/Zr =1.1-3.7) and also the high ratio of Zr/Nb 
(8.5-23) suggests that they have formed as a result of different, but generally low degrees of 
partial melting.  
Fractional crystallization 
Petrographic observations and major and trace elements variation in Quaternary basalt 
samples from Makran area (southern Iran) suggest that olivine and clinopyroxene may have been 
important fractionating phases. The concentrations of nickel in these samples vary from 33 to 
171 ppm and chromium varies between 34-216 ppm (Table 2.6). Chromium and nickel both 
show relatively strong positive correlation with MgO whereas SiO2 contents show strong 
negative correlations with MgO (Fig. 2.3). Nickel is a sensitive indicator of olivine 
fractionation/accumulation from basaltic magmas because of its large partition coefficient 
(mineral/melt concentration), and these data suggest decreasing MgO and Ni is due in part to 
olivine fractionation. Decreasing Cr may result from clinopyroxene fractionation. 
In addition Zr (ppm) is used as a fractionation index in various Harker-type diagrams 
(Fig. 2.3). Decreasing values of FeO and TiO2 likely indicate the formation of titanomagnetite 
and the relatively decreasing of P2O5 to be expected to reflect limited fractionation of apatite 
(Fig. 2.3). Ti-magnetite, apatite ± chromium and spinel are the dominant accessory phases in 
these samples. A very weak negative Eu anomaly (Fig. 2.5) and decreasing concentrations of 
CaO versus Zr perhaps indicate plagioclase fractionation (Fig. 2.3).  
Crustal contamination 
Ce/Pb and Nb/U ratios (Fig. 2.8) suggest that the Makran basalts samples may have been 
affected by varying extents of crustal assimilation during ascent to the surface. Also, the  
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Fig. 2.8.  (Top) Ce/ Pb versus concentration of Ce and (Down) Nb/U versus U concentration on a 
log-log scale. The MORB and OIB data are taken from (Hofmann et al., 1986), plagic sediments 
from (Taylor and McLennan, 1985). Total continental crust is taken from (Sims and DePaolo, 
1997) based on the average of four models (Rudnick and Fountain, 1995; Taylor and McLennan, 
1985; Weaver and Tarney, 1984; Wedepohl, 1994), lower continental crust (Rudnick and 
Fountain, 1995; Taylor and McLennan, 1985; Weaver and Tarney, 1984; Wedepohl, 1994)). An 
estimate for the continental lithospheric mantle is taken from (Sims and DePaolo, 1997) after 
(McDonough, 1990). The symbols are the same as shown in Figure 2.8. 
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P2O5/K2O ratios for these samples are 0.15 - 0.35 (Fig. 2.9), lower than a value of 0.4 which is 
considered to separate contaminated samples from uncontaminated ones (Miller et al., 2000). 
The Quaternary Makran basalts have different 
87
Sr/
86
Sr ratio and one explanation of excess 
radiogenic 
87
Sr is that some strontium was picked up from the continental crust during time when 
the magma moved to the surface. However, if assimilation of crust were the reason for this 
feature, we would expect to see an inverse correlation between Sr content and 
87
Sr/
86
Sr ratio, 
because the samples with low strontium would be more affected by a given amount of 
contamination than would be Sr-rich samples (Hedge and Noble, 1971). As shown in figure 2.9, 
instead of an inverse relation in a plot of Sr content against 
87
Sr/
86
Sr ratio, for most of these 
samples a relatively strong positive correlations exist. Also these basalts are relatively primitive, 
with high modal abundance of Mg-rich olivine, and the extent of crystal contamination in their 
formation must have therefore been limited.  
2.4.2 Variations in magma generation processes along the Makran arc 
Studies of individual volcanic center along the Makran arc indicate some significant 
geochemical variations from west-to-east along strike in this arc. For instance the Quaternary 
basaltic rocks around the Bazman volcano at the western end of the arc have medium-K2O (0.65 
- 0.98 wt %). In contrast the calc-alkaline Quaternary andesitic and basaltic rocks from Taftan 
volcano further to the eats have medium to high potassium (1.2-2.5 wt%; Biabangard and 
Moradian, 2008), and two samples of Quaternary basalts from Koh-e-Sultan (Pakistan) at the 
eastern end of the arc show 2.0-2.1 wt % K2O content (Nicholson et al., 2010). The (La/Yb)N 
ratios of the Quaternary basalts from around Bazman volcano vary only from 3.4 to 8.7 and the 
average of this value (5.9), which is much lower than the young basalts from Taftan (10.1) 
further to the east, and Koh-e-Sultan (Pakistan; 20.6) at the eastern end of the arc. It seems these  
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geochemical variations, which systematically change from west-to-east, are characterized by 
more LILE-enriched and higher LREE/HREE ratio to the east (Fig. 2 5, Table 2.4). This 
variation in the (La/Yb)N ratio could be a result of different degree of partial melting in the 
mantle source, with higher degrees of partial melting below the Bazman volcano in the western 
part of the Makran arc compared to further east along the Makran arc. 
The west-to-east geochemical variation in basalts include other trace element parameters 
such as increasing incompatible element abundances, increasing Cs/La, Ba/Nb and Ba/La and 
decreasing  Rb/Cs ratios (Table 2.3). Heterogeneity in the subcontinental lithospheric mantle 
resulting from differences in the composition and extent of input of slab-derived fluids are the 
most likely cause for these geochemical variations in the Makran arc. However, the variations of 
K2O and other trace-elements could also be related to increasing effects of crustal contamination 
from west-to- the east. Nb/U, Ce/Pb and P2O5/K2O ratios suggest that the samples from Taftan 
and Koh-e-Sultan might be more affected by upper crust during ascent to the surface compared 
to the basaltic samples from small cones around Bazman volcano (Figs. 2.8 and 2.9). 
2.4.3 Makran arc compared to other Iran volcanic arcs 
In contrast to the basalts from the vicinity of the Bazman volcano, the high K2O content 
(3.68-4.2 wt %) of the Quaternary basalt from Damavand volcano in northern Iran, higher than 
the K2O crustal average (Rudnick and Fountain, 1995), can only be explained in terms of a 
primary, source-related feature (Liotard et al., 2008). This may reflect the presence of a potassic 
phase, most likely phlogopite, in the highly metasomatized subcontinental mantle source (Liotard 
et al., 2008; Tatsumi and Koyaguchi, 1989; Turner et al., 1996). 
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Fig. 2.9. (Top)
87
Sr/
86
Sr versus P2O5/K2O ratios, dashed line separate contaminated samples from 
uncontaminated ones after (Miller et al., 2000). (Down) Sr versus 
87
Sr/
86
Sr in basaltic samples 
from Bazman area. The symbols are the same as shown in previous Figures. 
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The Quaternary absarokite associated with Damavand volcano (northern Iran, Fig. 2.1) 
are characterized by 3.7–5 wt. % K2O, high concentrations of REE and LILE-rich, highly 
fractionated REE patterns ((La/Yb)N~65) and significant Nb-Ta negative anomalies (Table 2.4, 
Fig. 2.5). According to Liotard et al. (2008) these magma results from a low degree of partial 
melting (~5%) of a garnet and phlogopite-rich lherzolite metasomatized mantle source, which 
inherited its characteristics from an old subduction setting. Brousse et al. (1977) and Brousse and 
Vaziri (1982) concluded that the Damavand volcano would be related to the subduction of an old 
oceanic crustal segment coming from the Zagros zone after the Miocene collision. The initiation 
of volcanic activity 1.8 Ma ago results from variations in the lithospheric thermal regime, 
probably related to lithospheric delamination (Liotard et al., 2008). Further to the west of 
Damavand, Quaternary basaltic and andesitic lavas have erupted along the northwest Iran and 
eastern Turkey border (Kheirkhah et al., 2009). The major and trace element compositional 
variation of this magmatism is large, ranging from calc-alkaline types similar to magmas erupted 
active continental margins to alkali basalts with typical within-plate characteristics (Pankhurst, 
1977; Pearce et al., 1990). Basaltic samples from the NW Iran, analyzed by Kheirkhah et al. 
(2009), indicate 1.6 - 2.99 wt % K2O, REE and LILE-rich, (La/Yb)N~16 and negative Nb-Ta 
anomalies (Table 2.4, Fig. 2.5). To the north, Ararat volcano samples (Eastern Turkey) has lower 
Nb, lower large ion lithophile element (LILE) concentrations with 
143
Nd/
144
Nd = ~0.51290. 
Other, volumetrically smaller centers have higher Nb, higher LILE, with 
143
Nd/
144
Nd = 
~0.51265. Abundances of LILE and Nb increase from north to south and the degree of partial 
melting increases in the opposite direction, away from the Arabia–Eurasia suture (Kheirkhah et 
al., 2009). Melting is inferred to have taken place in the spinel lherzolite field, largely from a 
continental lithosphere source influenced by Mesozoic and early Cenozoic Neo-Tethyan 
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subduction, but this was not the sole parent material and as for Damavand a separate source with 
long-term enrichment are needed to explain the high Nb and lower 
143
Nd/
144
Nd compositions 
(Kheirkhah et al., 2009). 
To the southeast of Iran, along the Urumieh-Dokhtar magmatic arc, which extends from 
northwest to southeastern Iran, magmatic activity along the Kerman arc segment concentrated in 
two distinct episodes: (1) Eocene–Oligocene composite gabbroic to granitic barren intrusions 
and volcanic equivalents and (2) mid-late Miocene (Kuh Panj) dioritic to granodioritic stocks 
(Shafiei et al., 2009). Trace-element abundances for samples from near Bazman volcano are 
similar to those for the pre-collisional mafic magmas from this arc, for which an origin by 
melting of subcontinental peridotie mantle fluxed by slab-derived fluids has also been proposed. 
The younger post-collisional episode magmatic activity in the Urumieh-Dokhtar arc, which 
generated large Cu deposits, exhibit geochemical features similar to melts derived either directly 
from the subducted slab, or from melting of a lower crustal underplated basaltic source with both 
amphibole and garnet as residual mineral phases (Shafiei et al., 2009), with the presence of 
garnet in this source being consistent with collisional arc crustal thickening by shortening during 
Neotethyan ocean closure. To account for the additional heat or water required to melt this 
lowermost crust these authors suggest MASH-type processes (Hildreth and Moorbath, 1988), 
upwelling of hot asthenospheric mantle due to slab breakoff (Davies and Blanckenburg, 1995; 
Haschke et al., 2002) and/or rift-related decompression melting of collision-modified lithosphere 
(Haschke and Ben-Avraham, 2005). 
In summary, these data indicate that although the petrochemical features of the Makran 
arc basalts in the vicinity of the Bazman volcano may be explained by melting of the 
subcontinental mantle fluxed by slab-dehydration, similar to other convergent plate boundary 
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magmas such as those in the Andes, significant variations occur in the source composition and 
process of the petrogenesis of the other convergent plate arc magmas in different regions of Iran.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
44 
 
CHAPTER III 
Petrochemistry of mantle xenoliths and their alkali olivine basalt host from        
northeastern Iran 
Summary 
Northeast of the Lut block, an isolated outcrop of Neogene/Quaternary alkali olivine 
basalt, containing mantle and crustal xenoliths, rose to the surface along localized pathways 
associated with extension at the junction between the N-S right-lateral strike-slip faults and E-W 
left-lateral strike slip faults. These basalts are enriched in LREE relative to HREE, and have 
trace-element ratios similar to that of average oceanic island basalts (OIB). Their measured 
87
Sr/
86
Sr ratios are 0.705252-0.705013 and their 
143
Nd /
144
Nd isotopic ratios are 0.512738-
0.512735. The Pb isotopic composition of these alkali basalts plotted above the Northern 
Hemispheric Reference Line (NHRL), in the EM-2 and OIB fields. Trace elements and isotopic 
composition of these basalts are interpreted as indicating the participation of both asthenosphere 
and the continental mantle lithosphere in their generation, and they formed by mixing of small 
melt fractions from both garnet- and spinel-facies mantle. Round to angular lower crustal 
xenoliths, ranging from ~1 to 6 cm in longest dimension, are medium grained granoblastic meta-
igneous gabbros. Plagioclase (An26-32) megacrysts, with maximum 4 cm in length, have sharp 
euhedral crystal faces and there is no evidence of reaction between the edge of these minerals 
and host rocks. The 
87
Sr/
86
Sr ratio for a plagioclase megacryst is 0.704796 and the 
143
Nd/
144
Nd 
ratio is 0.512687, both somewhat different than theis host basalt, but they are nevertheless 
considered co-genetic with this basalt. The spinel-peridotite mantle xenoliths contained in the 
basalts, which equilibrated in the subcontinental lithosphere at depths of 30 to 60 km and 
temperatures of 965°C to 1065°C, represent the mantle beneath the Paleo-Tethys Ocean in this 
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area. For clinopyroxenes separated from two different mantle xenoliths the 
87
Sr/
86
Sr ratios are 
0.704593 and 0.704309, and the 
143
Nd/
144
Nd ratio for the first one is 0.512798, values which 
differ from the host basalt. These xenoliths do not preserve evidence of extensive metasomatic 
enrichment as has been inferred for the mantle below the Damavand volcano further to the west 
in north-central Iran. 
3.1 Introduction 
A small outcrop of Neogene alkali olivine basalt (Fig. 3.1), containing both peridotite and 
gabbroic xenoliths, has been reported on the Kariz-Now geological map (1984), northeastern 
Iran. However, there has been no previous petrochemical characterization of either the host 
basalt or these xenoliths. Crustal and mantle xenoliths entrained in continental alkali basalts 
provide samples to study the chemical and physical evolution of the deep continental lithosphere 
(e. g., Farmer, 2003; Gautheron et al., 2005; Nasir et al., 2006; Rudnick, 1992; Stern et al., 1999; 
Wilson, 1989) and the trace element and isotope signatures of xenoliths and their host basalts can 
be used to interpret the long-term chemical evolution of the deep continental lithosphere (e. g., 
Bailley, 2010; Dobosi et al., 2010). Different processes, such as removal of melt by partial 
melting and/or addition of melt or interaction with fluids, derived from either subducted oceanic 
lithosphere or asthenospheric upwelling, can change the composition of the deep continental 
lithosphere, and these processes are critical aspects in the evolution of subcontinental mantle. 
This paper presents the petrochemical characteristics of the olivine basalts and their xenoliths 
from northeastern Iran as a contribution toward characterizing the mantle below this region.  
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3.2 Geological setting  
From Late Precambrian until Late Paleozoic time, central and eastern Iran was separated 
from the Eurasian plate by the Hercynian Paleotethys ocean (Shahabpour, 2005). During the 
Permian-Triassic, a north-dipping subduction system along the northern Paleotethys margin led 
to the closure of this ocean (Golonka, 2004), and the northward motion of central and eastern Iran 
micro-continent resulted in their welding with the Eurasian plate (Shahabpour, 2005). The 
central and eastern Iran–Eurasia collision must have happened at roughly 222–210 Ma (Horton et 
al., 2008). ). K/Ar analysis of hornblende gabbro, remnants of the Paleotethys oceanic crust, 
correspond to late Pennsylvanian-early Permian (Ghazi et al., 2001). Remnants of the 
Paleotethys ocean are also present in the Binaloud range in northeastern Iran (Alavi, 1979). This 
range extends to the west to the Alborz Mountains and it extends eastward to the Hindu-Kush in 
northern Afghanistan. The study area is located in the southern portion of the eastern section of 
this range in northeastern Iran (Fig. 3.1).  
The oldest rocks in northeastern Iran, which are mainly exposed in a narrow elongated 
NW-SE trending belt, are Neoprotrozoic in age (Fig. 3.1). These rocks are metamorphic gneisses 
and schists, recrystallized limestone and dolomites, granite and quartz diorite. The U-Pb in 
zircon age of a granitic unit is reported as 630-650 Ma (GSI, 1984). This crystalline basement is 
similar to other Neoproterozoic to Early Cambrian granites and orthognisses exposed in other 
tectonic zones of Iran. Hasanzadeh et al (2008) reviewed and reported new zircon U-Pb 
geochronology data for such rocks from several locations in central Iran and in the Alborz and 
the Zagros structural zones. The results of their work for granites and orthogneisses range from 
late Neoproterozoic to Early Cambrian, and match the mostly juvenile Arabian–Nubian shield 
and Peri-Gondwanan terrains constructed after the main phase of Pan-African orogenic events.   
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Rocks of Infracambrian age in northeastern Iran consist of recrystallized chert-banded 
dolomite with minor intercalation of shale and sandy shale. The oldest Paleozoic rocks are 
composed of sandstone and minor dark gray dolomite that grade upward into a fossiliferous, dark 
gray limestone of Devonian age (GSI, 1984). The sequence of Permian rocks starts with reddish 
sandstone and follows by a well-bedded dolomitized limestone. Mesozoic rocks in this area 
mainly consist of bedded limestone, dolomite, shale, sandstone and conglomerate whereas the 
Paleogene is marked by volcano-sedimentary rocks. Volcanic rocks are mostly porphyritic 
basaltic andesites, dacites, and rhyodaciteic welded tuff (Fig. 3.1). The latter rocks were dated 
38.5 ± 1.2 Ma, indicating a late Eocene-early Oligocene age for the upper part of the volcano-
sedimentary sequence (GSI, 1984). Neogene sediments, mainly conglomerates and sandstones, 
form very thick sequences filling in tectonic basins on either side of the main Alborz Mountain 
range.  
The alkali olivine basalt with mantle and crustal xenoliths, which is the focus of this 
study, forms a small isolated outcrop overlying unconsolidated Neogene sediments and Tertiary 
andesitic and dacitic tuffs in northeastern Iran (Figs. 3.1 and 3.2). This monolithic basaltic cone 
and associated lava flows crops out in a subcircular area of ~60,000 m
2 
(0.3 x 0.2 km). Relatively 
extensive layers of Quaternary travertine occur to both the south (Fig. 3.1) and northwest of this 
area. These are related to the thermal activities of hot springs, some of which are still presently 
active in the area. The presence of host springs with extensive travertine deposits could be 
regarded as surface expressions of an underlying magma reservoir, or they may simply be related 
to the structural faults along which the basalt extruded.  
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Fig. 3.2. (A) Field photo of basaltic flow crops out in northeastern Iran, viewed towards the 
southeast, (B) mantle xenolith, (C) crustal xenolith, and (D) plagioclase megacryst.  
 
(C) (D) 
(B) 
(A) 
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3.3 Results 
3.3.1 Basalts 
Petrography and mineral chemistry 
Different samples from the outcrop have porphyritic texture with up to 10 percent 
phenocrysts and micro-phenocryst within intergranular to intersertal groundmass (Fig. 3.3). No 
significant textural differences were observed among different samples, suggesting that this cone 
was formed in a single monogenetic event. Subhedral olivines are the common phenocrysts. 
Plagioclase is also observed as a phenocryst, but clinopyroxene is rare. The groundmass is 
mostly composed of microlites of plagioclase, clinopyroxene, olivine and minor alkali feldspar. 
In addition opaque oxides, mainly titano-magnetite, along with apatite and a small volume of 
glass are present in the groundmass. Both phenocrysts and groundmass show evidences of minor 
alteration, calcite being the most abundant secondary mineral filling vehicles and fractures. 
Mantle peridotite and deep-crustal meta-igneous granulite xenoliths, as well as 
megacrysts of plagioclase, all described in greater detail below, are present in the basalts (Fig. 
3.2). Xenocrysts of olivine and pyroxene, derived from fragmented peridotite xenoliths, are also 
observed in thin sections. They are distinguished by their large size, occurrence as composite 
grains, and Mg-rich compositions relative to phenocryst and groundmass minerals crystallized 
from the basalt host. 
Olivine phenocrysts in the basalt range in composition from Fo72 to Fo83 and their NiO 
contents range between 0.06 to 0.14 wt % (Appendix B, Table 1a; Fig. 3.4). There is no 
significant variation between cores and rims of olivine. The chemistry of two clinopyroxene  
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Fig. 3.3. Photomicrograph taken under crossed polarizers, of (a) alkali basalt, (b) spinel 
lherzolite, (c) pyroxenite and (d) crustal xenolith included in alkali basalts 
 
 
 
 
 
(a) (b) 
(c) (d) 
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Fig. 3.4. Compositions of olivines, orthopyroxenes, clinopyroxenes and plagioclases in the 
different samples.  
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phenocrysts, which are rare, are high-Ti augite (Appendix B, Table 1b; Fig. 3.4). Plagioclase in 
the alkali basalt has composition ranging from An28-59 (Appendix B, Table 1c; Fig. 3.4). 
Whole rock chemistry 
The major and trace element concentration of five separate samples of the basalt from 
northeast Iran, as well as their average and the average composition of the other Neogene alkali 
olivine basalts from the western Lut block in central Iran and Makran arc in southern Iran, are 
listed in Tables 3.1 and 3.2. All samples plot in the alkalic field and chemical composition of 
these rocks range from hawaiite to mugearite on a silica versus total alkalis classification 
diagram (Fig. 3.5). Normative nepheline of the samples varies from seven to eleven percent 
confirming the high alkalinity of these basalts.  
These lavas also plot in the alkali basalt field, or very close to the boundary of alkali 
basalt and foidite fields, on an Nb/Y versus Zr/Ti diagram (Fig. 3.5). Geotectonic chemical 
discrimination diagrams, such as those based on Hf-Th-Nb or Hf-Th-Ta, indicate that the 
samples from this area are within-plate alkali basalts (Fig. 3.5). The K2O/Na2O ratio and MgO 
versus TiO2 diagram show that these lavas plot on the boundary of high- and low-Ti fields and 
they belong to Na-Series alkali basalts (Fig. 3.5). 
The samples have moderate MgO (4.1-7.4 wt.%) and Al2O3 (16.2-18.4 wt.%) contents 
and their Cr and Ni concentration range variably from 52 to 84 ppm and from 86 to 109 ppm, 
respectively (Tables 3.1 and 3.2). The Mg# for these rocks range from 73 to 85 and there is a 
strongly positive correlation between MgO content and Mg# in these rocks.  
Chondrite-normalized patterns of northeastern Iran alkali basalts are shown in Figure 3.6. 
There is no significant difference between the trace and rare element patterns of these samples  
54 
 
Table 3.1. The major elements concentration (wt.%) of the xenoliths  bearing basalts in 
northeastern Iran compared with the average of the young basalts from western Lut block and 
Makran arc. 
Sample N1 N2 N3 N4 N5 
Ave.   
N 
Ave. 
NNF 
Ave. 
MNF 
Ave. 
MAK 
SiO₂ 49.5 49.4 48.8 48.4 50.6 49.3 50.9 47.3 48.4 
TiO₂ 1.9 1.9 2.2 2.1 2.0 2.0 2.2 2.8 1.0 
Al₂O3 16.9 17.3 16.2 18.4 17.4 17.2 14.7 13.9 17.5 
FeO 10.4 10.5 10.9 11.6 10.5 10.8 10.2 12.2 8.6 
MnO 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.2 0.1 
MgO 4.4 5 7.4 4.1 4.7 5.1 5 6.5 6.4 
CaO 5.9 5.4 5.9 5.9 5.6 5.7 8.4 8.1 10.9 
Na₂O 5.8 5.5 4.9 5.1 5.4 5.3 4.6 4.5 3.8 
K₂O 2.2 2.5 1.7 2.6 2.1 2.2 1.1 2.5 0.8 
P₂O5 0.4 0.3 0.4 0.4 0.4 0.4 0.3 0.7 0.2 
Total 97.6 98 98.6 98.8 98.9 98.2 97.5 98.7 97.6 
          K₂O+Na₂O 8.0 8.0 6.6 7.7 7.4 7.6 5.8 7.0 4.6 
K₂O/Na₂O 0.4 0.5 0.4 0.5 0.4 0.4 0.2 0.6 0.2 
Norm. neph. 11.5 11.0 7.2 10.9 6.7 9.5 3.8 3.3 6.1 
Major element data (in wt %) are from XRF analysis. Mg # = 100Mg / ( Mg + Fe
+2
) calculated 
with Fe
2+
= 0.85(total Fe). Total Fe reported as FeO. Norm neph.= Norrmative nepheline.  
N=northeasten Iran basalts, NNF and MNF= western Lut Neogene/Quaternary basalts along the 
north and middle part of the Nayband fault, MAK= Quaternary basalt from the Makran arc. Ave 
MAK., NNF and MNF from Saadat et al.(2009, 2010)  
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Table 3.2. Ttrace elements concentrations (in ppm) of Neogene and Quaternary basalts from 
eastern Iran. 
Sample N1 N2 N3 N4 N5 
Ave.   
N 
Ave. 
NNF 
Ave. 
MNF 
Ave. 
MAK 
Ni 86 102 98 109 89 97 98 165 107 
Cr 69 74 53 84 52 66 166 213 149 
V 155 161 171 178 159 165 156 219 222 
Cs 2 2 2 2 2 2 1 1 1 
Rb 22 31 99 14 50 43 27 47 22 
Ba 481 580 630 588 611 578 297 513 229 
Sr 573 587 750 717 777 681 535 1341 669 
Nb 43 46 47 45 49 46 28 77 9 
Ta 3 3 4 3 3 3 5 5 2 
Zr 214 216 213 202 227 214 174 218 117 
Ti 10359 10629 11483 11369 10960 10960 13927 15358 6646 
Y 14 18 19 18 18 17 18 22 18 
Hf 5 5 5 5 5 5 4 5 3 
Th 3 3 3 3 3 3 2 6 3 
U 2 1 1 1 1 1 1 1 1 
Pb 2 DL DL DL DL 2 2 DL 5 
La 19.80 22.00 22.40 21.20 23.60 21.80 16.40 44.80 13.90 
Ce 42.00 44.50 46.60 44.50 48.60 45.30 37.10 87.00 30.80 
Pr 4.90 5.30 5.60 8.10 5.80 5.90 4.20 9.70 3.60 
Nd 21.30 23.00 24.80 25.40 25.40 24.00 19.90 40.60 15.60 
Sm 5.00 5.00 5.60 5.40 5.60 5.30 5.10 8.00 3.14 
Eu 1.60 1.70 2.00 1.80 1.80 1.80 1.80 2.40 1.07 
Gd 5.20 5.70 5.90 6.00 6.20 5.80 5.90 8.80 3.94 
Tb 0.60 0.70 0.80 0.80 0.80 0.70 0.80 1.00 0.56 
Yb 1.27 1.3 1.34 1.41 1.46 1.35 1.34 1.53 1.69 
Lu 0.16 0.15 0.19 0.17 0.19 0.17 0.2 0.2 0.29 
          
Zr/Nb 5.0 4.7 4.5 4.5 4.6 4.7 6.4 2.8 15.0 
La/Nb 0.5 0.5 0.5 0.5 0.5 0.5 0.6 0.6 1.8 
Ba/Nb 11.2 12.6 13.4 13.1 12.5 12.6 10.6 6.7 26.9 
La/Yb 15.6 16.9 16.7 15.0 16.2 16.1 12.2 29.3 8.2 
Ba/Zr 2.2 2.7 3.0 2.9 2.7 2.7 1.7 2.4 2.0 
(La/Yb)N 10.1 11.2 11.4 10.0 10.4 10.6 8.1 19.3 5.9 
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Fig. 3.5. (a) Geochemical division of 5 separate samples of the alkali basalt based on 
Na2O+K2O (wt.% ) against SiO2 (wt.%), from (Cox et al., 1979). The dividing line between  
subalkaline and alkaline field is from (Myashiro, 1978). (b) Zr/Ti versus Nb/Y diagram 
(modified from Pearce, 1996) showing that all samples plot in the field of alkali basalt. (c 
and d) Geotectonic discrimination diagrams based on proportions of Hf-Th-Nb and Hf-Th-
Ta (Meschede, 1986). All samples plot as within-plate alkaline basalts field. (e) K2O versus 
Na2O diagram, showing the samples belong to the Na-series (after (Middlemost, 1975) and 
(f) TiO2 versus MgO indicates that the content of Ti is relatively high in these alkalic 
basalts. 
(d)  (c) 
(a) (b) 
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and those of samples from the northern part of the Nayband fault (NNF) that is located in 
western Lut block (Table 3.2, Fig. 3.6). These lavas are enriched in LREE relative to HREE (Fig. 
3.6) and these patterns are similar to that of average Oceanic Island Basalts (OIB, Sun and 
McDonough, 1989). In the Y versus Zr diagram all samples also plot in the OIB field (Fig. 3.7). 
None of the samples show depletions in Nb, which is a signature for subducted slab-derived 
components in the source of arc magmas such as those in the Makran arc in southern Iran. 
None of the samples show depletions in Nb, which is a signature for subducted slab-
derived components in the source of arc magmas such as those in the Makran arc in southern 
Iran. Neither do Sr and Eu show negative anomalies in chondrite normalized values, which 
suggests that they behaved incompatibly for these lavas (Fig. 3.6).  
Rb contents, as well as K2O and Sr, are somewhat variable (Figs. 3.6 and 3.7). These 
variations in mafic magmas could be caused by several different processes such as wall-rock 
reaction (Green and Ringwood, 1967), variable degrees of partial melting (Gast, 1968) and 
mantle heterogeneity (Kesson, 1973). However, since these variations occur with what appears 
to be a single small lava flow, and since the variation for most all other elements are small (Fig. 
3.6, Table 3.1), these variations might result simply by migration of late stage magmatic liquids 
(Hart et al., 1971). According to Hart et al. (1971), the non-uniform distribution of element 
concentrations can arise by intra-flow liquid migration and need not reflect any change in the 
composition of parental magma. 
Radiogenic isotopes 
Sr–Nd–Pb isotopic ratios for the Neogene alkali olivine basalts are given in Table 3.3. 
Their isotopic characteristics are compared with the other Neogene/Quaternary alkali basalts  
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Fig. 3.7. (Top) Y versus Zr plot for 5 samples of the alkali basalts from northeastern Iran.  N-
MORB, E-MORB and OIB fields are from Sun and McDonough (1989). (Down) Rb versus 
Rb/Sr for same samples.  
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Table 3.3. Sr, Nd, and Pb isotopic composition of northeastern Iran basalt samples compared 
with the young mafic rocks from elsewhere in Iran. 
 
Sample 87Sr/86Sr 143Nd/144Nd εNd 
206Pb/204Pb 207Pb/204Pb 208Pb/204Pb Age Rock type 
NE Iran  
    N1 0.705250 0.512738 2.0 18.5 15.54 38.44 Neogene Mugearite 
N3 0.705013 0.512735 1.9 18.4 15.53 38.13 Neogene Hawaite 
N(CPX)a  0.704309 
       
N(CPX)b  0.704593 0.512798 3.1 
     
Plag, megacryst 0.704796 0.512687 1.0 18.25 15.48 38.16 
  
Makran arc (Saadat and Stern, 2010) 
    
Kh-1 0.705139 0.512732 1.8 18.64 15.61 38.665 Plio-Q Basalt 
B-21 0.705129 0.512689 1.0 18.52 15.57 38.457 Plio-Q Basalt 
B-13 0.704177 0.512830 3.7 18.45 15.54 38.355 Plio-Q Basalt 
B-14 0.704349 0.512801 3.2 18.39 15.53 38.223 Plio-Q Basalt 
B-22 0.704765 0.512805 3.3 18.56 15.56 38.392 Plio-Q Basalt 
Western Lut block, NNF (Saadat et al., 2010) 
    
S2-3 0.705555 0.512728 1.8 18.5 15.56 38.41 Neogene Basalt 
S3-1 0.705312 0.512686 0.9 18.6 15.58 38.59 Neogene Basalt 
Western Lut block, MNF (Saadat et al., 2010) 
    
GM-1 0.704592 0.512709 1.4 18.76 15.58 38.75 Q Basalt 
GG-1 0.704505 0.512730 1.8 18.98 15.60 38.60 Q Basalt 
NW Iran (Kheirkhah et al., 2009) 
    
Mu 15.18 0.705008 0.51273 1.79 
   
Q Basalt 
Mu 15.20 0.704979 0.512627 -0.21 
   
Q Basalt 
Mu 16.23 0.705570 0.512643 0.10 
   
Q Hawaiite 
PK 4 0.705163 0.512654 0.31 
   
Q Mugearite 
Mu 11.16 0.705705 0.512708 1.37 
   
Q Hawaiite 
N Iran, Damavand (Liotard et al., 2008) 
    
DH30 0.704496 0.512688 0.98 18.71 15.63 38.85 Q Absarokite 
DH44 0.704466 0.512656 0.35 18.73 15.62 38.86 Q Absarokite 
DH27 0.704550 0.512675 0.72 18.77 15.62 38.91 Q Absarokite 
DH28 0.704531 0.512668 0.59 18.77 15.62 38.89 Q Absarokite 
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from the western Lut block, Makran arc, and also Quaternary basaltic samples from north-central 
and northwest Iran (Fig. 3.8). The measured 
87
Sr/
86
Sr ratios from two samples of this basalt are 
0.705252 and 0.705013 and the 
143
Nd/
144
Nd isotopic compositions of the alkaline basalt are 
0.512738 and 0.512735. The Pb isotopic composition of these alkali basalts plotted above the 
Northern Hemispheric Reference Line (NHRL), on the EM- 2 and OIBs fields (Fig. 3.9). 
3.3.2 Ultramafic Mantle Xenoliths 
Petrography 
According to Lloyd and Bailey (1975), Frey and Prinz (Frey and Prinz, 1978) and Lloyd 
(1987), mantle xenoliths are generally divided into two groups: Group I (lherzolites, 
harzburgites, wehrlites and dunites) and Group II (pyroxenites, mainly clinopyroxene with minor 
amounts of orthopyroxene and olivine). Ultramafic xenoliths analyzed in this study include both 
Group I spinel lherzolites and harzburgites and Group II pyroxenites as large as 7 cm across. 
Mantle xenoliths are fractured, but not show any sign to indicate shearing or other ductile 
deformation, and they have coarse granular textures with 120° triple junctions between crystal 
grains (Fig. 3.3) boundaries indicating a static recrystallization process (Pearson et al., 2003). 
Some xenoliths exhibit decompression melt textures along mineral grain bounderies. Weathering 
and/or serpentinization are either minimal or absent in most xenoliths.  
The spinel lherzolith xenoliths, in general, are composed of about 50-60 modal % olivine, 
25-35% orthopyroxene, 20-25% clinopyroxene, and 1-5% chromium spinel. Olivine abundances 
are 80-90 modal % in a few samples, which places them near the dunite-harzburgite boundary. 
Pyroxenite xenoliths are mostly composed of 10-15% olivine, 50-60% orthopyroxene, 30-35% 
clinopyroxene and minor (<5%) brown spinel (Fig. 3.3). In one lherzolite xenolith (NXP-4), 
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Fig. 3.8. 
87
Sr/
86Sr ratio versus ƐNd comparing northeastern Iran samples  with the other alkali 
basalts around the Lut block, north and northwestern Iran, western Anatolia from Alicic et al, 
(2002), Eastern Anatolia from Pearce et al. (1990) and Oman from Nasir et al. (2006). Data are 
taken from references listed in Table 3.3. 
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Fig. 3.9. Plot of 
207
Pb/
204
Pb and 
208
Pb/
204
Pb versus 
206
Pb/
204
Pb.  Base diagram from (Hofmann, 
1997) and references therein. Source of data similar to Figure 3.8. NHRL= Northern Hemisphere 
Reference Line (Hart, 1984) 
Other OIB 
Other OIB 
Western Lut (Eastern Iran) 
Western Lut (Eastern Iran) 
Northeastern Iran (N-1) 
Southeastern Iran, Makran 
Southeastern Iran, Makran 
Megacryst NE Iran (N-Plag) 
Megacryst NE Iran (N-Plag) 
Northeastern Iran (N-1) 
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a few grains of brown amphibole (<5%) are present. In addition titanomagnetite, magnetite, 
ilmenite, and copper sulfide are present. There is spongy texture in some clinopyroxene grains, 
reflecting incipient melting. 
Mineral chemistry 
In all the ultramafic xenoliths for which mineral chemistry was determined, olivines 
show high magnesium content. The forsterite component of the olivines in peridotite xenoliths 
lies in the range 88-90 mol %. NiO in olivine ranges from 0.32 to 0.44 wt %. These olivines are 
very homogenous (Appendix B, Table 2a). The Mg# of clinopyroxenes is slightly greater than 
that coexisting olivine, ranging from 88-93 (Appendix B, Table 2b). The clinopyroxenes in 
xenoliths, as shown in Figure 3.4, have a limited range of composition (Wo45-47En46-50.Fs4-7). 
Al2O3 in lherzolite clinopyroxene ranges from 5.24 to 7.1 wt % and Cr2O5 ranges from 0.43 to 
1.3wt %, and these pyroxenes are emerald green Cr-diopsides. The magnesium content of the 
enstatite component of the orthopyroxenes is similar or slightly lower than that of olivine 
(Appendix B, Table 2c). Orthopyroxene shows a very small change in composition ranging from 
En83Fs16Wo1 to En90Fs9Wo1 with Mg# = 86-92 (Appendix B, Table 2c; Fig. 3.4). The Al2O3 
content of orthopyroxene in spinel peridotite facies is controlled by temperature (Pearson, 2003), 
and in our samples varies between 1.3 and 4.8 wt % (Appendix B, Table 2c). The calcium 
content of orthopyroxene also depends on the bulk composition of the samples and the CaO 
content increases with temperature. The CaO content of our samples ranges from 0.7 to 0.8 wt. 
% (Appendix B, Table 2c). There is no, or only a very small variation, possibly due to analytical 
error, involve the elements Mg, Fe, Ca, and Al from core to rim in both clino and orthpyroxenes, 
but if there is, it is somewhat more in orthopyroxene than clinopyroxenes (Appendix B, Table 2b 
and 2c), perhaps reflecting differences in the diffusion rates of these cations between both 
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pyroxene types (Stern et al., 1999; Werling and Altherr, 1997). The trace-element composition of 
one clinopyroxene separated from a pyroxenite xenolith is presented in Table 3.4. Amphibole 
occurs in just one sample (NXP-4, Appendix B, Table 2d). Based on their equigranular textures 
these amphiboles were stable in the mantle, but they show reaction edges due to decompression 
melting. 
Radiogenic isotopes 
For clinopyroxenes separated from two different pyroxenite xenoliths the 
87
Sr/
86
Sr ratios 
are 0.704593 and 0.704309 (Table 3.3, Fig. 3.8), and the 
143
Nd/
144
Nd ratio for the first one is 
0.512798, values which differ from the host basalt. 
Thermometry 
The compositions of two adjacent pyroxene grains in xenoliths were used for 
thermometry according to the Brey and Kohler (1990) formulation for the Ca in orthopyroxene. 
We calculated a very similar range of temperatures between 990-1030°C for pyroxenite and 990-
1044°C for lherzolite xenoliths (Table 3.5, Fig. 3.10), assuming an equilibrium pressure of 1.5 
GPa appropriate for spinel lherzolites. The crystallization temperature is also estimated for both 
1 and 2 Gpa (Table 3.5, Fig. 3.10). Because of homogeneity of minerals, there is no significant 
different in estimated temperature between core and rim of these minerals, but different pyroxene 
pairs within one sample sometimes record different temperature (±20°C) which may be related to 
analytical error. 
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Table 3.4. Trace element composition for clinopyroxene, sample Nb(CPX), from northeastern 
Iran xenoliths. 
 
Nb(CPX)  
Ni 201 
 
Sr 62.0 
 
Y 3.80 
 
Nd 1.69 
 
Zr/Nb 3.15 
Cr 3979 
 
Nb 2.4 
 
Hf 1.10 
 
Sm 0.60 
 
La/ Nb 0.21 
V 151 
 
Ta 2.7 
 
Tb 0.10 
 
Eu 0.21 
 
Y/Nb 1.59 
Rb 2.5 
 
Zr 7.4 
 
La 0.57 
 
Tb 0.10 
 
(La/Yb)N 3.65 
Ba 0.7   Ti 1344   Ce 1.84   Yb 0.28   Mg# 92 
 
3.3.3 Gabbroic crustal xenoliths 
Petrography 
Rounder to angular lower crustal xenoliths, ranging from ~1 to 6 cm in longest 
dimension, are medium grained granoblastic gabbros (Fig. 3.2) composed of around 50% 
plagioclase as well as both clinopyroxene and orthpyroxene and variable amounts of olivine 
(<5%).  Olivines have undergone reactions to produce fine grained symplectic intergrowths of 
minerals (mainly pyroxene) between olivine and plagioclase crystals. Some plagioclases also 
show spongy texture that could be the result of dissolution and/or direct melting caused by 
heating within the hotter mafic host magma which transported the xenoliths to the surface 
(Hibbard, 1995). Apatite and titanomagnetite are also present in these crustal xenoliths. 
Mineral chemistry 
The composition of the plagioclases range from An44-51 (Appendix B, Table 3a; Fig. 3.4). 
The clinopyroxenes in gabbroic crustal xenoliths, as shown in Figure 3.4 and Table 3b 
(Appendix B), have a limited composition (Wo37-43En38-450.Fs18-19). The Mg# for these mineral 
ranges 70-75 (Appendix B, Table 3b). Orthopyroxene shows a constant composition as  
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Fig. 3.10. Pressure-temperature diagram illustrating the conditions of equilibration of mantle 
lherzolite and pyroxenite xenoliths within the northeastern Iran basalts. Peridotite solidus and 
phase boundaries after Pearson (2003) and references therein. 
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En62Fs36Wo2 and Mg# = 36 (Appendix B, Table 3b; Fig. 3.4). ). Olivenes are Fo62-64 (Appendix 
B, Table 3c; Fig. 3.4). 
3.3.4 Plagioclase megacrysts 
The plagioclase megacrysts within the northeastern Iran alkali olivine basalts, with 
maximum 4 cm in length, have sharp euhedral crystal faces and there is no evidence of reaction 
between the edge of these minerals and host rocks (Fig. 3.2). Megacryst plagioclase has 
composition ranging from An26-32 (Appendix B, Table 4a) and no zoning was observed in thin 
section and microprobe analyses. The potassium contents for plagioclase megacryst are higher 
(7-10%) than that of plagioclase of basalts (1-8%). The 
87
Sr/
86
Sr ratio for a plagioclase 
megacryst is somewhat lower (0.704796) than that of the host basalts and the 
143
Nd/
144
Nd ratio 
for the plagioclase megacryst is 0.512687 (Table 3.3, Fig. 3.8).     
3.4 Discussion 
3.4.1 Generation of the alkali basalts 
General geodynamic consideration 
The small volume of Neogene basaltic lavas which have erupted in the northeastern Iran 
indicates within-plate alkali basalts characteristics (Fig. 3.7). This type of magma generation is 
generally considered consistent with an extensional tectonic regime (e. g., Wilson, 1989). An 
early to mid-Tertiary extensional tectonic regime occurred in central and northern Iran (Brunet et 
al., 2003; Hassanzadeh et al., 2004) resulting in the development of Cordilleran-style 
metamorphic core complexes (Kargaran et al., 2006; Moritz et al., 2006; Verdel, 2009). 
However, the final closure of Neotethys and collision between Arabia and central-eastern Iran in 
the late Oligocene to early Miocene (Fakhari et al., 2008; Horton et al., 2008) led to a transition 
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from an extensional to a contractional tectonic regime as Arabia collided with Eurasia, and the 
main tectonic features of eastern Iran, at least since ~25 Ma, were created by compression 
(Fakhari et al., 2008; Horton et al., 2008). The timing of subduction related to plate collision, the 
role of the trench pulling force and the movement velocity varied for different plates. These 
differences led to the development of several major strike-slip faults, which cut both continental 
and oceanic crust (Golonka, 2000; Jackson, 1992; Kopp, 1997). Eastern Iran is dominated by two 
belts of N-S right-lateral strike-slip faulting following the east (Nehbandan-Sistan) and west 
(Nayband-Gowk) sides of the Lut block. Both belts contain long strike-slip faults but also exhibit 
components of shortening and reverse faulting. These belts accommodate N-S right-lateral shear 
and some shortening between eastern Iran and western Afghanistan (Ambraseys and Bilham, 
2003). North of ~34ºN, right lateral shear is achieved on left lateral faults that are thought to 
generate clockwise rotation in the Lut block (Fig. 3.11). The extent of rotation has increased 
from west to east during last ~5 Ma (Jackson and McKenzie, 1984; Walker and Jackson, 2004; 
Walker et al., 2004). This structural feature might be suitable to develop an episode of localized 
extension-induced fractures at the projected junction between the N-S right-lateral and E-W left-
lateral strike slip fault in this area (Fig. 3.11), which is close to where the xenoliths-bearing alkali 
basalt outcrop occurs. The occurrence of such localized tensional forces might acts as an open 
space through which basaltic magma has reached to the surface. 
Although volcanism may be a consequence of local extensional regimes, the reactivation 
of older faults might also produce more favorable space for magma ascent to the surface. 
Tomographic imaging of the uppermost mantle velocity in this area show relatively low Pn 
velocity (Al-Lazki et al., 2004; Tabatabai Mir et al., 2008) which implying the presence of 
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anomalously hot and/or thin mantle lid. Thus, the monogenetic basalt cone that is the focus of 
this study is not unexpected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.11. Map showing the location of the basaltic lavas (red square) at the junction between the 
N-S right-lateral strike-slip fault and E-W left-lateral strike slip fault in the northeastern Iran. 
58° E                                                          60° E 
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Nature of mantle source region  
The geochemical features of alkali basalt from the northeastern Iran show strong OIB-
like characteristics. In these samples Nb and Ta are enriched relative to the LILE (Rb and Ba; 
Fig. 3.6). The ratio of incompatible trace elements such as Ba/Nb (11.2-13.3) and La/Nb (0.5) 
are also similar to some oceanic island basalts (Fig. 3.12). The measured 
87
Sr/
86
Sr ratio and the 
values of 
143
Nd/
144
Nd ratio plot in the OIB field, similar to those reported by Saadat et al. (2010) 
from northern part of the Nayband fault (NNF, western Lut block). Lead-isotopic compositions 
of all these sodic olivine basalt lavas also overlap in part of the EM-2 and OIBs field, plotted on 
the northern hemisphere reference line (Fig. 3.9). Because of the geochemical and isotopic 
composition similarities between the oceanic island basalts and the northeastern Iran alkali 
basalts, both might be derived from compositionally similar intra-plate sources.   
Based on HREE concentration that is around 6x chondritic abundance (Fig. 3.6) and the 
high (La/Yb)N value (10-11) and low Lu/Hf (< 0.04),  the primary basaltic magma can be 
attributed to melting in the presence of residual garnet and therefore at least some portion of the 
melting must have occurred at depth below the spinel to garnet transition in mantle peridotite (e. 
g., Beard and Johnson, 1997; Farmer, 2003; Frey et al., 1978; Langmuir et al., 1992; Thirlwall et 
al., 1994). A plot of Zr/Nb versus Ce/Y ratios is shown in Figure 3.13. These ratios can provide 
some powerful tools to test the hypothesis that the northeast Iran basalts were produced by 
variable degrees of partial melting process from either the spinel or garnet facies (Fig. 3.13), 
since fractional crystallization of  olivine, clinopyroxene and plagioclase can only generate small 
changes in these ratios. For example, even 50% fractionation of cpx from an intraplate magma 
with Zr/Nb=10 would only lower Zr/Nb to 9.1 (Thirlwall et al., 1994). Other process such as 
crustal contamination also would not produce the observation data in Figure 3.13. Continental  
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Fig. 3.12. La/Nb versus La concentration and Ba/Nb versus 
87
Sr/
86
Sr. The limit of the field of 
oceanic island basalt (OIB ) and MORB from Hickey et al. (Hickey-Vargas et al., 1986), the 
other data from the same references mentioned before. 
IAB 
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IAB 
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Fig. 3.13. Variation of Zr/Nb vs Ce/Y and Yb versus La/Yb for the northeastern Iran samples. 
Representative point average, non-modal, fractional melting curves for spinel and garnet 
lherzolite, and for upper-crustal estimate are taken from Baker et al., (1997) and references 
therein.   
 
75 
 
crust is generally has Zr/Nb>10 and high Ce/Y ratios (e. g., Taylor and McLennan, 1985). Zr/Nb 
and Ce/Y ratios of samples from northeastern Iran varies from 4.5 to 5 and 2.5 to 3 respectively, 
suggest a combination of melting from both garnet-facies and spinel-facies mantle maybe 
involve producing these basalts (Fig. 3.13). 
The other useful element ratios, to provide a melt modeling are the plot of LREE/HREE 
versus HREE ratios, e.g. La/Yb versus Yb (Baker et al., 1997). These ratios are useful as 
distinguish between melting the spinel and garnet fields (Baker et al., 1997; Thirlwall et al., 
1994). There is very small change in La/Yb ratio in spinel-facies melting and melt fraction 
process compared with their mantle source (Fig. 3.13). In contrast, there are large changes in Yb 
with melt fraction in the garnet-facies (Baker et al., 1997). Based on the La/Yb versus Yb of 
alkali basalts from the northeastern Iran and the melt modeling presented in Figure 3.13, neither 
the variables degree of partial melting of a spinel lherzolite nor the variables degree of partial 
melting of garnet lherzolite solely can generate the observed variation in La/Yb ratio with 
changing Yb (Fig. 3.13). It seems the simplest model to document for the REE composition of 
the northeast Iran alkali basalts involves mixing of small melt fraction from garnet-facies mantle 
with relatively larger melt fractions from spinel-facies mantle (Fig. 3.13). This model is similar 
to that proposed by Baker et al.(Baker et al., 1997) in which the Quaternary intraplate volcanic 
rocks from western Yemen result from mixing of melts from both spinel and garnet lherzolite 
facies.  
Some experimental evidences demonstrate that SiO2 content of primary tholeiitic to alkali 
basaltic melts mainly reflect the pressure of melt formation. Decreasing pressure leads to 
increasing SiO2 in the melt (e. g., Hirose and Kushiro, 1993; Walter, 1998). The northeastern 
Iran alkali basalts have about 48-50 wt. % SiO2 and these values correspond to pressures of 21.9- 
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13.2 Kbar and depths of 71-45 Km based on pressure calculations using the equation 
PGPa=23.217-0.4381SiO2 with a correlation factor R=0.878 as cited by Haase (1996), and 
pressure-depth conversion made using the relationship depthkm=3.02 Pkbar+5 as cited by Scarrow 
and Cox (Scarrow and Cox, 1995). This estimation of pressure is consistent with the maximum 
pressure of xenoliths as suggested before (~19-20 Kbar) and confirms the fact that olivine sodic 
basalts from northeastern Iran should be derived from a depth around 70 Km, which is close to 
the transistion between garnet and spinel-facies mantle and consistent with the involvement of 
both in the generation of these basalts. 
Partial melting 
The normalized trace and rare-elements pattern of sodic alkali basalts from the 
northeastern Iran (Fig. 3.6), typically show evidence that their parental magma were produced by 
small degrees of partial melting (enriched in LREE relative to HREE). Certain geochemical 
parameters such as Ba/Zr can be used to access the degree of partial melting. The ratio of these 
elements (highly/moderately incompatible elements) decreases with increasing degree of partial 
melting processes (Pankhurst, 1977). There is a relatively linear positive trend between these 
elements ratio and the concentrations of Ba in northeastern Iran alkali basalts and this 
demonstrated the efficient affect of partial melting process for fractionating highly to moderately 
incompatible element ratios (Fig. 3.14). Another geochemical parameter that can be used to 
explain the variable degree of  partial melting, as Baker et al. (1997) ) pointed, is  the ratio of 
Zr/Sm which is not sensitive to the effects of crustal contamination or fractional crystallization, 
unless amphibole is a fractionating phase. In most igneous systems incompatibility of Zr is 
similar to, or a little more than, that Sm, and Zr/Sm ratio is either constant, or as a result of 
variable degrees of partial melting shows correlation with the ratio of very/moderately 
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incompatible elements such as Ce/ Y (Baker et al., 1997).  The Zr/Sm ratio in these lavas range 
from 38 to 43 and show a positive correlation with Ce/Y ratio. The La/Yb ratios of the 
northeastern Iran alkali basalts also increase with La concentration with the values (15-17) being 
higher than NNF rocks (9-15) but smaller than MNF samples that is reported as 26-30 (Table 
3.2). Based on the similar geochemistry and isotopic composition of the Neogeng alkali basalt 
from the northern Nayband fault (NNF) and these lavas, the difference in the La/Yb ratio lavas 
have been interpreted as indicating a lower percent of partial melting of parental magma to the 
northeast (NEI) and southwest of the Lut block (MNF).  
Role of crustal contamination 
To assess the role of contamination, one approach is looking at K/P and Ti/Yb ratios in 
conjunction with radiogenic isotope ratios (Carlson and Hart, 1987; Leeman and Hawkesworth, 
1986; Van Calsteren et al., 1986). The K/P ratio is a good indicator of silicic contamination, 
since K is enriched and P is depleted in typical upper crust (Thompson et al., 1983). Thus, 
increases in K/P may reflect silicic upper crustal assimilation processes. For lower crust it is 
difficult to identify the bulk assimilation of mafic crustal material by means of K/P ratio; 
however, it may be identifiable by low Ti signatures in the contaminated lava, since the Ti 
content of upper and lower crust will be low (Hart, 1988). As pointed out by Leeman and 
Hawkesworth (1986), low Ti/Yb does not necessarily prove that crustal contamination took 
place, but high Ti/Yb strongly suggests that contribution from crustal material were minimal. 
Figure 3.14 illustrates the relationship between K/P, Ti/Yb and Sr isotopic composition for the 
northeastern Neogene Iranian basalts and also Quaternary and Neogene alkali basalt from eastern 
Iran (NNFand MNF, Saadat et al., 2010). The low K/P (<3) and high Ti/Yb (>5000) of lava from 
middle part of the Nayband fault (MNF) indicate minimal or no crustal contamination, whereas 
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Mantle 
Mantle 
samples from northeastern Iran (NEI) and northern part of Nayband fault (NNF) display elevated 
K/P (3-5.3) and higher 
87
Sr/
86 
Sr ratio, but still high Ti/Yb, suggesting only a little interaction 
with lower crust (Fig. 3.14). 
 
 
 
 
 
 
 
 
Fig. 3.14. (Top) Plot showing positive correlation between highly/moderately incompatible 
element (Ba/Zr) ratios versus highly incompatible element (Ba) concentrations for the alkali 
basalts of northeastern Iran. (Down) Relationships between Sr isotopic composition and the 
ratios of K/P and Ti/Yb which are sensitive to crustal contamination (see text for discussion). 
Fields for common mantle, upper and lower crust from Hart et al. (Hart, 1988) and references 
therein. 
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Further support for this conclusion comes from the ratios of La/Ta, Ce/Pb and Nb/U of 
these samples. Basaltic rocks affected by crustal contamination have La/ Ta ratio greater than 22 
and La/ Nb ratio greater than 1.5 (e. g., Hart, 1988). The low value of these ratio (La/Ta=6.9 and 
La/Nb=0.47 on average) in alkali basalts of northeastern Iran, suggests that the magma ascent 
may have been rapid enough from the site of partial melting to the surface to escape significant 
contamination. In addition, these samples have Ce/Pb ratio around 19 and Nb/U ratio around 52 
(on average), relatively similar to those basalts derived from OIB-like sources unaffected by 
crustal contamination (Ce/Pb~25±5 and Nb/U~47±10) (Hofmann et al., 1986; Sims and DePaolo, 
1997; Sun and McDonough, 1989). Therefore the Neogene alkali basalts from northeastern Iran 
have experienced little crustal interaction. 
Summary 
In summary, the xenolith-bearing alkali olivine basalts erupted in northeastern Iran have 
been formed by low degrees of partial melting which involved mixing of small melt fraction 
from garnet-facies mantle with relatively larger melt fractions from spinel-facies mantle. These 
low-volumes, low-degree melts rose to the surface along the localized extension condition at the 
junction between the N-S right-lateral strike-slip fault and E-W left-lateral strike slip fault in this 
area with a small amount of interaction with the continental crust. Trace elements and isotopic 
composition of theses lavas have been interpreted as indicating the participation of asthenosphere 
and the continental mantle lithosphere in the generation of these magmas. 
3.4.2 Source of the plagioclase megacrysts  
As pointed by Laughlin et al. (1974), two possibilities exist for the origin of the 
plagioclase megacrysts: 1) The megacrysts are accidental xenocrysts and there is no relation 
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between these megacrysts and host basalt; and 2) the megacrysts are cognate phenocrysts, having 
crystallized under particular pressure and temperature conditions. 
If the plagioclase megacrysts were accidental xenocrysts, they would have fragmented or 
irregular edges, whereas these plagioclases are euhedral with sharp margins and they are not 
corroded. In addition they would be derived from some sources such as anorthosite or 
pegmatites, whereas there is no exposure of these rocks in this area. The closest source possibly 
to provide the sodic plagioclase is available in the Precambrian granite gneiss cropping out in a 
few kilometer to the south and southeast (Fig. 3.1). The lavas most likely passed through these 
gneisses, but the 
87
Sr/
86
Sr ratio of the plagioclase megacrysts, which is 0.704596 (Table 3.3), is 
too low for a Precambrian rock. If they were plagioclase xenocrysts of granitoide rocks with 
Precambrian age, this ratio must be much higher. Alternatively the feldspar crystals might 
contaminated by the basalt, or completely re-equilibrated with the strontium in the basaltic melt 
(Laughin et al., 1974), but the high strontium content of the plagioclase megacrysts (2800ppm) 
and relatively low strontium content in the basalt (570-778 ppm) are inconstant with this process.  
Chemical analyses of plagioclase in host rock, megacrysts and crustal xenoliths are given 
in table 1c and 3a (Appendix B). The range of plagioclase in host rock varies from An59-28 and 
for plagioclase of crustal xenoliths varies from An44-51, whereas this range for megacrysts is 
between An32-26. It is clear that the plagioclase of the megacrysts is more sodic than the 
plagioclase of host rocks and crustal xenoliths and they fall in separate field (Fig. 3.4). It seems 
that there were two different conditions for generation feldspar phenocrysts and megacrysts in 
the basaltic host rock (Table 1c, Appendix B). Wright (1968) reported large crystals of oligoclase 
and andesine in alkaline basalts from Nigeria which are distinctly more sodic than plagioclase 
microlites in the rock. Aoki (1970) also reported megacrysts in Japanese alkaline basalts. Based 
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on the numerous experimental studies by Cohen et al.,(1967), Green and Ringwood (1967) and a 
comprehensive study of megacrystas in alkaline lavas by Binns et al. (1970) there is a tendency 
of plagioclase to become more sodic at high pressures. Aoki (1970) also concluded that the 
megacrysts results from high-pressure crystallization (equivalent to a depth of 30-60Km) from 
the alkaline basalts. 
Studies on the plagioclase and melt partition coefficients for trace elements provide 
powerful tools to examine equilibrium condition between plagioclase megacrysts and alkaline 
basalt as a host rock. Many workers (e. g., Blundy and Wood, 1991) tried to derive relations for 
the partitioning of trace elements between crystal and melt based on experimental and natural 
data. We presented some of these data, using partition coefficient (Kd) database as references, 
for basalt (liquid phase) and plagioclase (crystal phase) in Table 3.7, and compare them with the 
result of the trace elements analysis of our samples at the same table. The general pattern of 
distribution of selected elements versus plagioclase and basalt partition coefficient is relatively 
higher but similar to those of references (Fig. 3.15). Thus, these megacrysts could be 
crystallizing from the host rock alkali basalt. We have to note that the composition of plagioclase 
in references data might be a little different from the samples of this study, so at least part of 
variation in this model is related to the difference in plagioclase composition. 
 Aigner-Torres et al. (2007) used Laser ablation ICP-MS to study plagioclase-melt 
partition coefficient at three temperatures (1220, 1200, 1180°C) and at different oxygen 
fugacity‟s. We tried to compare the result of this study with the experimental data presented by 
Aigner-Torres et al. (2007) to get an idea about the equilibrium temperate and oxygen fugacity 
conditions of the formation of these megacrysts. The results of these comparisons are shown in  
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Figure 3.15. It seems the plagioclase-melt partition coefficient at 1180°C (log ƒO₂ = -12.19) is 
the best match with the composition of plagioclase megacryst and alkaline basaltic host rock in 
this region (Fig. 3.15). 
As sodic plagioclase megacrysts crystallize from alkaline basaltic magma, they should 
affect the differentiation history of these basalts. For example, the strontium content of the melt 
will also be extensively affected by the crystallization of plagioclase (Laughin et al., 1974). The 
plagioclase megacryst from northeastern Iran contains 2800 ppm strontium, while the host rock 
basalts have an average content of 680 ppm (Table 3.2 and Table 3a, Appendix B). These data 
yield a value of DSr of 5.13 where DSr=C
S
Sr /C
l
Sr. C
S
Sr  and C
l
Sr are the concentration of strontium 
in the plagioclase and alkali basalt respectively (Table 3.6). Our measured value of DSr is similar 
to data reported for feldspar megacrysts (DSr = 5.6) from Bandera lava field, New Mexico, by 
Laughlin (1971).  
The measured 
87
Sr/
86
Sr ratio of the plagioclase megacrysts is 0.704596 and this ratio from 
the two samples of the alkali basalt host rock is somewhat higher (0.705252 and 0.705013, Table 
3.3). These data are consistent with differences among megacrysts and host basalts reported 
elsewhere in the literature. For example Aspen et al. (1990) reported 
87
Sr/
86
Sr value of alkali 
feldspar megacrysts and alkali basalts from Scotland. Their data for megacrysts and host basalts 
indicate that the latter has the higher (
87
Sr/
86
Sr) value. According to Dasch (1969), this ratio for 
anorthoclase crystals (0.7024) taken from Texas is lower than their basaltic matrix (0.70410). 
Two of the Bandera anorthoclases (New Mexico) occurring within a basaltic host whose 
mean 
87
Sr/
86
Sr ratio was 0.7031 indicated 0.7027 and 0.7029 values (Laughin et al., 1974). To 
explain this apparent isotopic disequilibrium, Irving & Frey (1984) pointed out that most (but not 
all) cases involve a host which is more radiogenic than the enclosed megacrysts. They noted that 
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the possibility of contamination or secondary alteration of the basalt after precipitation of 
megacrysts must be considered. 
 
 
 
 
 
Table 3.6. Partition coefficients for plagioclase mega cryst (as crystal phase) and alkali basalt (as 
liquid phase) are listed and compared with the combination of references for (Plagioclase/melt) 
partition coefficient (Kd). 
 
  
bulk 
rock      
Plag Cp/Cb reference   
bulk 
rock      
Plag Cp/Cb reference 
 
ppm ppm (Kd) (Kd)  ppm ppm (Kd) (Kd) 
Ti 10847 582 0.054 0.038 Ba 512 463.00 0.903 0.30 
V 156 88 0.567 0.10 Y 14 0.83 0.059 -- 
Cr 66 5 0.084 _ Zr 217 1.41 0.006 _ 
Mn 1096 18 0.016 0.053 La 17 5.09 0.287 0.135 
Co 34 2 0.060 _ Ce 37 6.55 0.179 0.09 
Ni 77 23 0.302 _ Pr 4 0.53 0.126 0.17 
Cu 22 3 0.119 _ Nd 18 1.79 0.098 0.04 
Zn 126 30 0.237 _ Sm 4 0.52 0.127 0.036 
Rb 25 14 0.565 0.016 Eu 1.5 2.29 1.510 0.32 
Sr 546 2801 5.127 2.94 Gd 4 0.24 0.055 0.04 
References data (kd) for Sr, La, Mn, Rb, Ba, Ce, Nd, Sm, Eu and Gd from Matsui et al. (1977); 
Ca from Higuchi & Nagasawa (1969); Ti and V from Bougault & Hekinian (1974); Cs from 
Villemant et al. (1981);  Nb, Pr,  from McKenzie & O‟Nions (1991). 
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3.4.3 Source of mantle xenoliths 
The spinel lherzolite and pyroxenite mantle xenoliths within the basalts indicate a range 
of temperature between 966-1069°C using the Ca-in-opx geothermometer (Brey and Kohler, 
1990)  and assuming an equilibrium pressure of 10-20 Kbar (Table 3.5 and Fig. 3. 10). A 
maximum pressure estimate of the studied xenoliths samples, based on the mineral assemblage 
and particularly absence of garnet, yields a range between 18-20 Kbar (e. g., Miller, 1982). An 
approximate minimum pressure, based on the thickness of crust in this area (~ 42Km, Mokhtari 
et al., 2004) is around 13 Kbar. The temperature determined is lower than the temperatures 
(~1300°C) expected of the convecting asthenospheric mantle. Thus, based on pressure and 
temperature suggested here, the mantle xenoliths from northeastern Iran are derived from the 
lithospheric mantle and undoubtedly the depth of the host magma must exceed the source of the 
maximum pressure of xenoliths. 
It is generally accepted that pyroxenite xenoliths crystallized from mafic (basaltic) 
magma at high pressure (Frey and Prinz, 1978; Pearson et al., 2003; Wilshire and Shervais, 1975) 
In order to check the possibility that these xenoliths may be derived from the sources similar to 
their host rock, we have calculated the trace-element composition of the hypothetical melts from 
which they have crystallized using cpx/melt partition coefficients and the composition of a 
clinopyroxene separated from a pyroxenite sample. Partition coefficients depend on several 
parameters like temperature (T), pressure (P), composition (X), and oxygen fugacity ( f O2), so 
based on different experimental work, different values reported in published papers. For this 
study we used partition coefficient reported by Hart and Dunn ) that it seems their cpx/melt 
partitioning data is about in the middle of the published range (Frey et al., 1978; Hart and Dunn, 
1993; Irving, 1978). Chondrite-normalized diagram for rare-earth elements (REE) of the 
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clinopyroxene separated from the pyroxenite xenolith and the calculated parental melts are 
shown in Figure 3.16. If this simplistic approach is applicable, chondrite-normalized pattern for 
REE of the calculated melts follow the same trend of the patterns of the host basalt (Fig. 3.16). 
The results support the suggestion that the pyroxenite xenoliths are relatively similar in rare earth 
element composition to the basalts which carried them to the surface. However, Sr and Nd 
isotope ratios do not match with their host lavas isotopic composition and they have higher Nd 
and lower Sr isotope ratios than host alkaline basalts (Fig. 3.8, Table 3.3). Consequently the 
xenoliths probably crystallized from alkali basaltic magmas which have different Sr and Nd 
isotope ratios but similar rare-Earth element compositions as the local basalts from the 
northeastern Iran.  
In addition, the Mg# of olivine from the pyroxenite xenoliths and host rock alkali basalt 
are between 88-90 and 74-87 respectively, and for clinopyroxene they vary between 88-93 and 
74-77 for xenoliths and host basalt respectively (Appendix B, Tables 1 and 2), basalts were 
directly derived. Although carbonatite metasomatism may increase Mg# in secondary olivines 
due to introduction of magnesium (e. g., Hauri and Hart, 1993; Ionov et al., 1993), xenoliths that 
have been metasomatized by silicate melts are generally iron-rich relative to depleted peridotite 
and hence have lower olivine Mg# (Pearson et al., 2003). Although the Mg# is sensitive to 
modification by secondary metasomatic processes on the mantle, the REE pattern (Fig. 3.16) and 
trace element content (Table 3.4) indicate that metasomatism in the mantle at the depth where the 
xenoliths were extracted was not high. Metasomatism generally refers to a process that enriches 
incompatible trace elements e.g. K, Rb, Sr, Ba, LREE (light rare earth elements), Ti, Nb, Zr, P, 
U, and Th relative to the depleted or primitive mantle (Dawson, 2004; Roden et al., 1988). 
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Fig. 3.16. Comparison of calculated melt trace element patterns coexisting with clinopyroxenes 
and the alkali basalts from the northeastern Iran. Melt compositions were calculated using the 
partition coefficients of Hart & Dunn (1993). Chondrite values from Sun and McDonough 
(1989). 
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Mantle metasomatism can be subdivided into two types (Dawson, 1984): (1) modal 
metasomatism, where mineralogical changes occur, including the growth of new hydrous 
(amphibole, phlogopite) and/or anhydrous minerals (zircon, apatite, rutile); and (2) cryptic 
metasomatism , where chemical changes occur, without the introduction of new minerals. The 
mantle xenolith samples of northeastern Iran do not show any unusual mineralogy or textures, 
other than one sample that contains amphibole (NXP-4, Appendix B, Table 2d), and  any 
significant enrichment of incompatible elements (Table 3.4). The ratios of Sm/Nd versus Nd and 
Rb/Sr versus Sr for clinoproxene hand-picked form NE Iran mantle xenoliths are also very close 
to the composition of primitive upper mantle (Fig. 3.17). Similarly, Sr/Nd values of these 
samples (18 and 10, from two samples analyzed by thermal ionization mass spectrometer) are in 
the field of regional mantle value (15±5) (Alibert, 1994; Roden et al., 1988). Data presented here 
suggest that the mantle beneath the northeastern Iran, at the depth where the xenoliths were 
extracted, were only affected by very small metasomatism processes and based on high Ti/Eu 
(>6000) and moderate (La/Yb)N (Table 3.4) which are geochemical indicators, the metasomatic 
median was essentially a silicate melt rather than a carbonate-rich melt fraction (Ismail et al., 
2008; Villaseca et al., 2010; Xu et al., 2003). In contrast, according to Liotard et al. (2008), 
around 1000 Km far away to the west, the Damavand Volcano located in northern Iran is  
characterized by low degree of partial melting (~5%) of a garnet and phlogopite-rich lherzolite 
higly-metasomatized mantle source.   
The main features of the mantle clinopyroxene REE data
 
can be plotted by representing 
the
 
LREE/MREE slope by the La/Nd ratio and the MREE/HREE slope by
 
the Sm/Yb ratio. The 
diagram is divided into four quadrants including light rare earth element (LREE) depletion as a 
result
 
of removal of basaltic melt, LREE enrichment caused by cryptic metasomatism, when  
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Fig. 3.17. Covariation of Sm/Nd versus Nd and Rb/Sr versus Sr, CPX from mantle pyorxenite 
xenoliths, northeastern Iran. Primitive mantle line for Sm/ Nd and Rb/Sr marked based on 
McDonough and Sun (1995). 
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no new phases are formed, U-shaped REE patterns that are probably due to interaction
 
with 
carbonatite melts and samples with n-shaped patterns (depletion
 
in both LREE and HREE), 
probably as a result of subsolidus
 
redistribution of REE with the coexisting garnet (Downes, 
2001; Rivalenti et al., 1996). Figure 3.18 shows such a plot of results from the clinopyroxens 
separated from northeastern Iran pyroxenite xenoliths that illustrates convex-upwards pattern 
with depletion in both LREE and HREE. In the same figure, for comparison, ultramafic rocks 
form ophiolite sequence in northeastern Iran, mantle xenoliths and ultramafic rocks from 
northern and eastern Arabian plate, and the field of the European sublithospheric mantle are 
presented. It is clear that the sample from northeastern Iran fall in separate field from those 
samples from northern and eastern Arabian plate (Syria and Oman, Figure 3.18) whereas they 
show similar rare earth pattern to some samples from European subcontinental lithosphere 
mantle and with some ultarmafic rocks related to ophiolitic sequences (Fig. 3.18).  
As pointed by Dobosi et al. (2010), the depletion of light rare-earth element may have 
two reasons: it may be indicative of small-scale and low degree of partial melting that extracted a 
fraction of the most incompatible trace elements from the xenoliths (and therefore from the 
clinopyroxene); or that the most incompatible LREE preferentially occur in fluid and melt 
inclusions or along grain boundaries and not in the clinopyroxene lattice (Dobosi et al., 2010). 
The fractionated HREE pattern, as mentioned above, suggest that they were formed in the 
presence of residual garnet from a peridotite and/or an eclogite source (Bianchini et al., 2010). 
Johnson et al. (1990) also documented that this type of REE patterns are consist with varying 
degrees of melting beginning in the garnet stability field and continuing into the spinel field. 
Thus, available data from clinopyroxenes of northeastern Iran mantle xenoliths show garnet was 
involved in their early melting history. 
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Fig. 3.18. La/Nd versus Sm/Yb diagram for clinopyroxenes from the pyroxenite xenoliths of the 
northeastern Iran (red square), with the comparative gray field of the clinopyroxenes from the 
peridotite xenoliths from the European subcontinental lithospheric mantle (Downes, 2001), the 
clinopyroxene from Eastern Oman spinel lherzolite xenoliths (Open traingular, Grégoire et al., 
2009) and to those of the harzburgites from the Oman ophiolite (Filled traingules, Tamura and 
Arai, 2006). The open circles represent the location of the  ultramafic rocks from northeastern 
Iran (Fariman area, Moafpoorian et al., 2009) and green symbols show the xenoilths from the 
northern part of the Arabian plate (Syria, Nasir and Safarjalni, 2000) based on the bulk rock 
analyses. Lines represent the ratios found in primitive mantle, according to Sun & McDonough 
(1989). 
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Similar to overall REE concentration and LREE depletion from northeastern Iran, 
xenoliths have been reported in other spinel lherzolite from variable geodynamic environments 
such as orogenic lherzolite massifs (e. g., Pearson et al., 2003), young continental rift (Roden et 
al., 1988), as well as some abyssal peridotite (Hellebrand et al., 2001; Johnson, 1990). This could 
be interpreted as the fact that at least part of the continental lithospheric mantle of the 
northeastern Iran is chemically similar to sub-oceanic mantle. As documented in previous 
sections, this area is located closely to the Paleo-Tethys suture zone separating Gondwanaland 
from Eurasian continent in Paleozoic time. The ophiolithic rocks known as remnants of Paleo-
Tethys Ocean are present in the northeastern Iran and they (Natalin and Sengor, 2005; Stöcklin et 
al., 1972). Thus, it is not surprising that the chemical composition of mantle xenoliths from 
northeastern Iran might represent the characteristics of the mantle beneath the Paleo-Tethys 
Ocean in this area. 
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CHAPTER IV 
Petrochemical characteristics of Neogene and Quaternary alkali olivine basalts from the 
western margin of the Lut block, eastern Iran 
Summary   
The Nayband strike-slip fault forms the western margin of the micro-continental Lut 
block in Eastern Iran. Neogene and Quaternary mafic volcanic rocks collected near Tabas, along 
the northern part of the fault (NNF; 15 Ma), and further to the south, along the middle part of the 
fault (MNF; 2 Ma), are within-plate sodic-series alkali olivine basalts with high TiO2 and up to 
>16% normative nepheline. Their high MgO, Ni and Cr contents indicate that they crystallized 
from relatively primitive magmas. Their low La/Nb and Ba/Nb ratios are similar to oceanic 
island basalts (OIB) and unlike convergent plate boundary arc basalts (IAB). These alkali olivine 
basalts show enrichment in LREE relative to HREE and limited variation in Sr, Nd and Pb 
isotopic values which all plot in the range of OIB. Ce/Pb (>39), Nb/U (44-120) and P2O5/K2O 
(~0.4) ratios suggest that crustal contamination was not significant for MNF basalts. The data 
may be interpreted as indicating the participation of upwelling mantle asthenosphere and the 
deeper continental mantle lithosphere in the generation of these basalts. They formed by 
generally low, but variable degrees of partial mantle melting, which decreased with time from 15 
Ma NNF relative to2 Ma MNF basalts. The small volume of melts that formed the MNF basalts 
rose to the surface along the deep Nayband strike-slip fault with no interaction with the 
continental crust. The larger volumes of NNF basalts interacted to some degree with the crust 
and are associated with basaltic andesites and andesites. 
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4.1 Introduction 
The Iranian plateau occurs within a part of the active Alpine-Himalayan orogenic belt, 
trapped between the Arabian plate to the southwest, the Eurasia plate to the northeast, the Indian 
oceanic plate to the south, and the Helmand/Afghanistan block to the east (Fig. 4.1). This plateau 
includes the Lut block micro-plate, an extremely arid desert region in eastern Iran. The Lut block 
extends over 900 km in a north-south direction between latitudes 28
o 
to 35
o
N, and is 200 km 
wide in an east-west direction between longitudes 57
o
 to 61
o
E (Fig. 4.2). The Lut block is 
bounded on the north by the Dorouneh fault and on the south by the Jazmurian depression and 
Makran volcanic arc (Figs. 4.1 and 4.2). It is separated from the rest of the Iranian plateau by two 
major belts of north-south right-lateral strike-slip faulting. On the east is the Nehbandan fault and 
on the west the Nayband fault (Fig. 4.2).  
The Lut block is largely covered by Neogene volcanic rocks. The focus of this paper is 
primitive mantle-derived Neogene/Quaternary alkali olivine basalts that have erupted along the 
Nayband fault along the western margin of the Lut block. Geochronological data for these 
alkaline basalts yield ages of 15 Ma (Jung et al., 1984) for samples from near Tabas (NNF; Fig. 
4.2), and of 2 to 2.6 Ma (Conrad et al., 1981; Walker et al., 2009) for samples from further south, 
in an area that is called Gandom Beryan (MNF; Fig. 4.2). 
Neogene magmatic activity on the Lut block and elsewhere in Iran is related to arc and 
back-arc magmatism involving contributions from subducting oceanic slabs, the subcontinental 
lithospheric and asthenospheric mantle, and the continental crust(Shafiei et al., 2009). The 
relatively primitive basaltic rocks from the western structural boundary of the Lut block provide 
a window into the subcontinental mantle below Iran, and the opportunity to determine 
petrochemical information about this mantle, which is an important first step in understanding all  
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Fig. 4.2.  Location of the Lut block and the study area along the Nayband fault. Distribution of 
Quaternary basalts are shown with red color, and sample locations from the northern (NNF) and 
middle part of the fault (MNF) are shown in green circles. Radiogenic age determination from 
NNF basalts after (Jung et al., 1984) and from MNF basalts after (Conrad et al., 1981; Walker et 
al., 2009). 
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Iranian Neogene magmatism. The aim of this petrological and geochemical study is to 
characterize the composition of the mantle source region of the Neogene/Quaternary olivine 
basalts which erupted along the western margin of the Lut block. 
4.2 Geologic setting  
According to Stocklin (1968), the Lut Block is an irregularly outlined, essentially north-
south trending rigid microplate surrounded by the ranges of central and eastern Iran. However, 
dislocations and other lineaments within the Lut Block, in addition to its internal seismicity and 
Quaternary volcanic activity, support an argument against the complete rigidity of the Lut block 
(Mohajer-Ashjai et al., 1975). 
Although the metamorphic basement of the Lut block has not been dated, Archean 
(Haghipour, 1981) to Early Proterozoic (Nadimi, 2007), Late Proterozoic (Davoudzadeh, 1997; 
Samani et al., 1994) and late Neoproterozoic to Early Cambrian (Hassanzadeh et al., 2008) 
crystallization ages for granitoids and granitic gneisses have been reported from the crystalline 
basement elsewhere in Iran. Sedimentary strata in the Lut block are mainly younger than 
Permian and consist of shallow marine carbonates, shales and sandstones (Stöcklin et al., 1971). 
Continental Neogene sedimentary deposits and Quaternary sand dunes, salt flats and alluvial fans 
cover large areas of the Lut block (Fig. 4.2).  
Based on very limited geochronologic data, magmatic activity in the Lut block started in 
the late Jurassic and continued into the Quaternary (Esmaiely et al., 2005), forming a variety of 
volcanic and volcanoclastic rocks, as well as subvolcanic stocks, intrusive rocks, and associated 
mineral deposits. Jung et al. (1984) classified Tertiary magmatic rocks in the northern part of the 
Lut block as basaltic, andesitic, dacitic and rhyolitic, including both extrusive and intrusive 
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forms. The basaltic rocks were subdivided into calc-alkaline, alkaline and very high potassium 
(shoshonitic) rock series. The andesites, dacites and rhyodacites volcanics were erupted together 
during the late Cretaceous to the early Neogene (Jung et al., 1984). Rhyolite ignimbrites in 
northern part of the Lut block were erupted repeatedly during this volcanic activity.  
The oldest of these units is 60-63 Ma and the youngest units indicate K-Ar age around 31 
Ma (Jung et al., 1984). The Middle Eocene (47 Ma) is distinguished by alkaline and shoshonitic 
volcanism (Lensch and Schmidt, 1984). Maximum volcanic activity on the Lut block took place 
at the end of the Eocene. Recent Ar-Ar age dating (Zarrinkoub et al., 2008) of one andesitic 
sample from the Lut block indicates a late Oligocene age (25.1 Ma).  
In the southern part of the Lut block there are the two large dormant Taftan and Bazman 
strato-volcanoes within the Makran arc (Fig. 4.2). Basalts from the western and eastern part of 
the Bazman stratovolcano yield ages of 4.6 Ma and 0.6 Ma (K-Ar method; Conrad et al., 1981). 
A sequence about 50 meters thick of tuffs and ignimbrites around Taftan stratovolcano could be 
as young as 2 Ma (Moinvaziri and Aminshobhani, 1978). 
4.3 Results 
4.3.1 Petrography 
The Neogene-Quaternary basalts erupted along the Nayband strike-slip fault are 
composed of dense black blocky masses. Some of them have a reddish color because of high-
temperature oxidizing condition during their eruption. These rocks are in general very fine 
grained. In some outcrops vesicles with maximum 50 mm diameter are presented. The vesicles 
are partly filled with zeolites, carbonate and silicate minerals. 
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These basalts have mainly porphyritic texture with intergranular, subophitic and 
intersertal groundmass. Photomicrographs of one of these rocks (S3-1) are shown in Figure 4.3. 
The phenocrysts in samples from the northern part of the Nayband fault (NNF) comprise 25-30 
volume % of the rock, and include olivine (0.5-1.5 mm in diameter) ± clinopyroxene (0.8-1 mm 
in diameter) ± plagioclase (1-1.5 mm in diameter). The phenocrysts of samples from middle part 
of the Nayband fault (MNF) comprise less than 20 volume % of the rock and include mainly of 
olivine (<0.5 mm) and clinopyroxene (0.5-2 mm). Plagioclase as a phenocryst is rare in MNF 
samples. Euhedral and subhedral olivine crystals are surrounded by narrow red-brown rim of 
iddingsite and in some cases somewhat corroded. In some samples plagioclase laths are 
embedded in subhedral and anhedral phenocrysts of clinpyroxenes (mainly augite) resulting in 
subophitic texture. The groundmass generally consists of laths of plagioclase (mainly 
labradorite), rarely potassium feldspar and small crystals of clinopyroxene. In addition opaque 
minerals (Ti-magnetite and ilmenite), occasionally glass are present in the groundmass. Minor 
amounts of secondary calcite occur in some samples.  
4.3.2 Mineral compositions 
Olivine 
Compositions of olivine phenocrysts from NNF samples range between Fo68 to Fo84 and 
from MNF samples range from Fo75 to Fo81. The composition of olivine microliths from MNF 
samples is around Fo70. Phenocrysts are commonly normally zoned and typically consist of a 
comparatively large, homogeneous Mg-rich core mantled by a relatively thin, less forsteritic rim.  
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Fig. 4.3. Photographs show olivine basalts from the west part of the Lut block (NNF, sample S3-
1). The phenocrysts (25-30 volume %) are generally magnesian olivine (Fo80), pyroxene (Wo40, 
En45, Fo15) and plagioclase (An51). The olivine crystals are surrounded by narrow red-brown rim 
of iddingsite and corroded. Plagioclase laths are embedded in phenocrysts of pyroxenes 
(subophitic texture). Left photographs are taken in PPL and the right photographs taken under 
XPL.  
101 
 
Clinopyroxene 
Clinopyroxene phenocrysts are predominantly augite for both NNF and MNF samples 
(Wo32-41, En45-47, Fs14-22 and Wo44-48, En39-41, Fs13 respectively). The amount of TiO2 in 
clinopyroxenes from the NNF samples range from 0.9% to 1.5 %, whereas this range for MNF 
samples is higher and varies between 2.1 and 3.7%. 
Feldspar 
The compositional range of plagioclase from NNF samples is An53-29 (mainly andesine 
and labradorite). This range for MNF samples is almost the same (An51-30). There is no or very 
weak zoning (core–rim pairs are within the same range of compositions). Rare K-feldspar occurs 
in the groundmass of some samples.  
4.3.3 Whole-rock compositions 
Major elements 
Table 4.1 presents the major elements composition of 8 samples of Neogene/Quaternary 
basalts from the western Lut. None of the samples contain normative quarts, and normative 
nepheline of the samples varies from absent to greater than 16%. According to silica versus total 
alkali diagram (Fig. 4.4), the chemical composition of these rocks are mainly hawaiites, but also 
include basalts, trachyandesite and tephrite basanite. All samples plot in the alkali field. K2O 
versus Na2O (wt. %) and MgO versus TiO2 diagrams show that these alkali rocks belongs to Na-
Series and high-Ti or very close to high-Ti alkali basalts (Fig. 4.4). These samples show 
relatively strong positive correlation between CaO versus MgO, whereas SiO2 contents show 
strong negative correlations with MgO that are interpreted to result from fractionation of olivine 
and clinopyroxene (Fig. 4.5).  
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Table 4.1. Major element data (in wt %) are from XRF analysis. 
 
Mg # = 100Mg / ( Mg + Fe
+2
) calculated with Fe
2+
= 0.85(total Fe). Total Fe reported as FeO. N. 
Neph= Norrmative nepheline, T. Ande= trachyandesite, Haw=hawaiite, Ba. T= basanite tephrite.  
 
 
 
 
 
 
Location NNF   MNF 
Sample No. S1-1 S1-3 S2-2 S2-3 S3-1 
 
GM-1 Gg-1 G128 
Rock type T. Ande. Basalt Haw. Basalt Haw. 
 
Haw. Haw. Ba. T 
SiO2 52.7 51.2 51.6 49.0 49.9   46.2 46.2 45.6 
TiO2 2.5 2.7 2.2 1.9 1.9 
 
2.3 2.4 2.3 
Al2O3 15.2 14.0 15.0 14.1 15.1 
 
12.8 13.8 13.8 
FeO 10.4 10.9 10.2 9.3 10.1 
 
11.8 11.7 11.2 
MnO 0.1 0.1 0.1 0.1 0.1 
 
0.2 0.2 0.2 
MgO 4.4 4.8 4.5 5.9 5.6 
 
6.7 7.8 7.3 
CaO 7.4 7.2 7.6 10.8 9.2 
 
10.9 8.0 7.6 
Na2O 4.5 4.1 5.1 4.5 5.0 
 
4.4 5.0 5.2 
K2O 1.5 1.2 0.8 1.1 1.0 
 
2.1 1.8 2.2 
P2O5 0.4 0.3 0.2 0.3 0.2 
 
0.8 0.8 0.8 
LOI 0.0 1.4 1.0 1.1 0.1    - -  -  
Total 99.1 97.9 98.3 98.1 98.2 
 
98.2 97.7 96.2 
                    
K2O/Na2O 0.3 0.3 0.2 0.2 0.2 
 
0.5 0.4 0.4 
K2O+Na2O 6.0 5.3 5.9 5.6 6.0 
 
6.5 6.9 7.4 
Mg# 72.0 - - 79.0 83.0 
 
79.0 - - 
N. Neph. 0.0 0.0 1.7 9.2 7.9   15.0 14.0 16.0 
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Fig. 4.4. (Top) Geochemical division of rocks based on Na2O+K2O (wt.% ) against SiO2 (wt.%), 
from (Cox et al., 1979). The dividing line between  subalkaline and alkaline field is from 
(Myashiro, 1978).  (Down) K2O versus Na2O diagram after (Middlemost, 1975) and TiO2 versus 
MgO.Samples of previous study for NNF are taken from (Hashemi et al., 2008), and samples of 
previous study for MNF from (Girod and Conrad, 1975).  
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Fig. 4.5. SiO2 contents versus MgO, and MgO versus CaO, Ni and Cr of western Lut 
Neogene/Quaternary basalts. 
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Compatible and incompatible trace elements 
Trace elements concentrations of western Lut Neogene basalts are presented in Table 4.2 
and their concentrations are compared with the other continental alkali basalts around the world 
and also with average of OIB in Table 4.3. The concentrations of Ni vary from 90 to 111 ppm for 
samples from northern part of Nayband fault (NNF) and from 152 to 173 ppm for those collected 
from middle part of this fault (MNF). Chromium in these samples varies between 90-173 ppm 
and 112-232 ppm, respectively (Table 4.2). Chromium and nickel both relatively strong positive 
correlation with MgO (Fig. 4.5).  
The geotectonic chemical discrimination diagram, such as those based on Ti-Zr-Y or Nb-
Zr-Y, indicate that the samples from this area are similar to other within-plate alkaline basalts 
(Fig. 4.6), consistent with their location in the central part of the Iranian Plateau. 
Normalized value of trace-element abundances for western Lut Quaternary basalts are 
presented in Figure 4.7. These samples are enriched in LREE relative to HREE, a feature typical 
of alkalic intraplate basalts. Values of (La/Yb)N vary from 6.3–11.6 for northern part of Nayband 
fault (similar to those from Anatolia, Table 4.3) and from 17.9 to 20.4 for middle part of 
Nayband fault (similar to Miocene basalts in northwestern Taiwan, Table 4.3).  
Western Lut Neogene basalts are similar to the other continental alkali sodic basalts (Fig. 
4.8) because of their high value of LREE and relative enrichment in high field strength elements 
(HFSE; La/Nb >0.5), and like most sodic alkaline continental magmas they have trace-element 
characteristics similar to those of oceanic island basalts (e.g., Allegre and Turcotte, 1985; Fitton 
et al., 1991; Menzies and Kyle, 1991; Thompson and Morrison, 1988). None of the samples 
show depletions in Nb relatively to LILE (Ba, Sr). The patterns for NMF group are less enriched  
(a) 
(c) 
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Table 4.2. Ttrace elements concentrations (in ppm) of western Lut Neogene basalts.  
Location NNF   MNF 
Sample S1-1 S1-3 S2-2 S2-3 S3-1   GM-1 GG-1 G128 
Ni 90.0 97.0 91.0 102.0 111.0 
 
169.0 173.0 152.0 
Cr 131.0 112.0 153.0 200.0 232.0 
 
207.0 217.0 215.0 
V 165.0 157.0 139.0 142.0 176.0 
 
217.0 225.0 215.0 
Cs 0.5 0.6 0.5 0.3 0.6 
 
0.6 0.9 0.8 
Rb 29.0 35.0 26.0 21.0 26.0 
 
49.0 48.0 45.0 
Ba 335.0 455.0 259.0 219.0 217.0 
 
466.0 534.0 539.0 
Sr 582.0 646.0 366.0 647.0 435.0 
 
904.0 1122.0 1996.0 
Nb 37.0 34.0 21.0 26.0 21.0 
 
74.0 80.0 76.0 
Zr 208.0 218.0 169.0 147.0 129.0 
 
216.0 220.0 217.0 
Ti 16066.0 16327.0 12535.0 13684.0 11021.0 
 
16274.0 14947.0 14854.0 
Y 20.0 20.0 17.0 20.0 13.0 
 
21.0 23.0 22.0 
Hf 5.1 5.2 4.4 3.9 3.5 
 
5.4 4.9 5.0 
Th 1.6 1.5 2.1 1.9 1.2 
 
4.8 6.2 5.5 
U 0.6 0.5 0.4 0.6 0.4 
 
0.6 1.8 1.6 
Pb 1.9 2.9 2.2 2.1 2.0 
 
DL DL DL 
La 20.6 22.1 13.7 12.9 12.7 
 
39.6 50.4 44.3 
Ce 49.8 48.1 29.2 30.4 27.9 
 
77.9 97.4 85.7 
Pr 5.8 5.1 3.2 4.0 3.0 
 
9.0 10.7 9.4 
Nd 26.2 26.3 17.1 17.0 13.1 
 
38.5 43.1 40.2 
Sm 6.7 6.3 4.2 4.8 3.3 
 
7.6 8.4 8.1 
Eu 2.2 2.3 1.6 1.5 1.3 
 
2.3 2.6 2.3 
Gd 7.0 7.1 5.4 5.7 4.2 
 
8.3 9.4 8.8 
Tb 1.0 0.9 0.7 0.8 0.6 
 
0.9 1.0 1.0 
Yb 1.4 1.3 1.4 1.4 1.2 
 
1.5 1.6 1.5 
Lu 0.2 0.2 0.2 0.2 0.2 
 
0.2 0.2 0.2 
          Zr/Nb 5.6 6.4 7.9 5.7 6.2
 
2.9 2.8 2.9
La/Nb 0.6 0.6 0.6 0.5 0.6 
 
0.5 0.6 0.6 
Y/Nb 0.6 0.6 0.8 0.8 0.6 
 
0.3 0.3 0.3 
(La/Yb)N 10.2 11.6 6.4 6.3 6.9  17.9 20.5 19.1 
Subscript N indicates chondrite-normalized values of La and Yb. DL: Detection Limit. 
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Table 4.3. Comparison of average trace elements concentration (in ppm) of western Lut 
Quaternary basalts with those of Tertiary-Quaternary intra-continental sodic alkali basalts and 
with average Oceanic Island Basalts (OIB). 
Location 
NNF 
Eastern 
Iran 
MNF 
Eastern   
Iran 
Arabian 
Peninsula       
(Yemen) 
South 
Turkey 
Central 
Anatolia 
(Turkey) 
NW Taiwan 
SE 
Aust. 
MCAB 
Av. 
OIB 
Age(Ma) Qt. (?) 2 - 2.6 < 1 Plio - Qt. 9.5 13 – 9 23 - 20 13 Ter. Qt.   
Ni 98.0 165.0 90.0 97.0 86.0 208.0 99.0 252.0 215.0 192.0 
Cr 166.0 213.0 153.0 194.0 99.0 271.0 108.0 377.0 236.0 329.0 
V 156.0 219.0 196.0 204.0 101.0 251.0 205.0 211.0 - 276.0 
Rb 27.0 48.0 22.0 11.0 42.0 39.0 38.0 23.0 30.0 29.0 
Ba 297.0 513.0 382.0 199.0 526.0 915.0 730.0 648.0 474.0 511.0 
Sr 535.0 1341.0 644.0 673.0 730.0 932.0 880.0 765.0 646.0 718.0 
Nb 28.0 77.0 43.0 29.0 45.0 77.0 69.0 62.0 79.0 52.0 
Zr 174.0 218.0 244.0 144.0 183.0 331.0 295.0 216.0 234.0 255.0 
Y 18.0 22.0 35.0 25.0 23.0 33.0 32.0 26.0 25.0 29.0 
Hf 4.0 5.0 - - - 8.0 7.0 5.0 - - 
Th 1.7 5.5 3.9 2.0 9.2 9.8 5.2 7.2 6.0 - 
U 0.5 1.3 0.8 - - 1.7 1.1 - - - 
Pb 2.2 
 
2.5 13.0 - - - - - - 
La 16.4 44.7 33.2 20.0 25.0 64.5 50.3 39.1 38.0 45.0 
Ce 37.1 87.0 69.6 54.0 49.1 128.0 101.5 77.9 91.0 94.0 
Pr 4.2 9.7 - - 5.2 - - - - - 
Nd 19.9 40.6 34.3 - 20.6 57.0 52.6 37.6 42.0 44.0 
Sm 5.1 8.0 7.0 - 4.5 10.7 9.8 7.6 - - 
Eu 1.8 2.4 2.3 - 1.5 - 3.1 2.3 - - 
Gd 5.9 8.8 6.8 - 4.7 - - - - - 
Yb 1.3 1.6 2.9 - 2.1 2.1 2.2 1.7 - - 
Lu 0.2 0.2 0.4 - 0.4 0.3 1.0 0.2 - - 
          
 
Zr/Nb 6.3 2.8 5.7 4.9 4.1 4.3 4.3 3.5 3 4.9 
La/Nb 0.6 0.6 0.8 0.7 0.6 0.8 0.7 0.6 0.5 0.9 
Y/Nb 0.6 0.3 0.8 0.8 0.5 0.4 0.5 0.4 0.3 0.6 
(La/Yb)N 8.2 19.2 7.8 - 8.1 20.5 15.3 15.3 - - 
Data for SE Australian  from (Zhang and O'Reilly, 1997), Yemen from (Baker et al., 1997), 
Central Anatolia from (Wilson et al., 1997), MCAB (Massif Central alkali basalt) from (Wilson 
and Downes, 1991), NW Taiwan from (Chnug et al., 1995) , South Turkey from (Yurtmen et al., 
2000), and average OIB from (Fitton et al., 1991). NNF: North of Nayband Fault. MNF: Middle 
of Nayband Fault. Qt.: Quaternary. Ter.: Tertiary. 
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AI –AII = Within-plate alkaline basalts  
AII-C= Within-plate tholeiites                     
B= P-type Mid-Oceanic ridge basalts   
D= N-type Mid- Oceanic ridge basalts 
C-D= Volcanic arc basalts 
 
A=IAT  
B= MORB, CAB, IAT 
C= CAB     
D=WPB 
Y 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.6. Geotectonic setting based on proportions of Ti-Zr-Y (Pearce and Cann, 1973) and Nb- 
Zr-Y (Meschede, 1986). All samples are plotted as within-plate alkaline basalts field. The 
symbols are the same as shown in previous figures. 
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Fig. 4.7. Chondrite normalized multi-element for western Lut Quaternary basalts and also for 
average OIB and MORB, as shown in this figure, these lava show strong OIB-like 
characteristics.  Chondrite normalization values from (Gerlach et al., 1988). Average OIB from 
(Sun, 1980), MORB (N-type) from (Saunders and Tarney, 1984) and (Sun, 1980), average 
Makran arc from (Hashemi et al., 2008).  
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     Rb        Th        Nb       Ce        Nd        Zr        Eu         Yb        Y  
  Cs        Ba        K          La        Sr         Hf        Sm       Tb         Lu  
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Makran (arc) NNF                        
MNF                           
NNF (previous study) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.8.  (Top) La/Nb ratio versus La concentration. (Down) Ba/Nb versus 
87
Sr/
86
Sr. Fields for 
MORB and OIB from Hickey et al. (1986), Makran(arc) from (Saadat et al., 2008), the other data 
and abbreviation from Table 4.3. 
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in LREE than MNF group and the other alkali basalts listed in Table 4.3, but the abundances of 
Ti, Y and Yb in both groups are almost the same and are very similar to average OIB (Fig.4.7) 
(Sun and McDonough, 1989). Other characteristics, such as low La/Nb (0.5-0.65) and/Nb ratios 
(6-13) are similar to oceanic island basalts (OIB) and unlike convergent plate boundary arc 
basalts (Fig. 4.8). Strontium does not show negative anomalies suggesting that it behaved 
incompatibly for these lavas.  
4.3.4 Radiogenic isotopes 
Sr–Nd–Pb isotopic ratios for western Lut Neogene basalts are given in Table 4.4. The 
87
Sr/
86
Sr ratio of MNF samples ranges from 0.704505 to 0.704592 and for NNF rocks this ratio 
ranges from 0.705312 to 0.705555 (Table 4.4, Fig. 4.9). Hashemi et al. (2008) reported that the 
Sr isotopic composition of four basalt and andesitic basalt from northern part of the Nayband 
fault ranged from 0.705291 to 0.705777, and the newly determined values are within this range. 
The Nd isotopic composition of NNF samples ranges from 
Ɛ
Nd = +0.94 to +1.76, similar 
to four samples analyzed by Hashemi et al. (2008), which range from +0.91 to +1.34. This value 
for MNF samples varies between +1.38 to +1.79 (Table 4.4). All samples are plotted on the right 
corner of the world sodic continental basalts field (Fig. 4.9). The Sr and Nd composition of 
samples from western and eastern Anatolia show different values, both with each other and also 
the western Lut alkali basalts (Fig. 4.9). The Pb isotopic composition of these alkali basalts 
plotted above the Northern Hemispheric Reference Line (NHRL), in the EM-2 field of OIBs 
(Fig. 4.10). 
 
 
 
(a) 
(c) 
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Table 4.4. Sr, Nd, and Pb isotopic composition (measured) of western lut Neogene basalt. 
* Data from (Hashemi et al., 2008), (Ob) olivine basalt, (Ab) andesite basalt. None of the 
isotopic data were corrected for age.  
 
Location 
  
NNF 
    
MNF 
Sample S2-3(Ob) S3-1(Ob) A-29*(Ab) D-23*(Ob) D-16*(Ab) D-21*(Ob)        GM-1 GG-1 
       
  
 
87
Sr/
86
Sr 0.705555 0.705312 0.705774 0.705298 0.705777 0.705291 
 
0.704592 0.704505 
          
143
Nd/
144
Nd 0.512728 0.512686 0.512707 0.512686 0.512709 0.512688 
 
0.512709 0.51273 
          Ԑ
Nd  1.7556 0.9363 1.34 0.94 1.32 0.91 
 
1.385 1.794 
          206
Pb/
204
Pb 18.47 18.564 - - - - 
 
18.755 18.975 
          207
Pb/
204
Pb 15.556 15.581 - - - - 
 
15.583 15.596 
          208
Pb/
204
Pb 38.409 38.589  -  -  -  - 
 
38.753 38.596 
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Fig. 4.9.  
143
Nd/ 
144
Nd ratio and ƐNd versus 
87
Sr/
86
Sr comparing western Lut block samples (NNF 
and MNF) with the other sodic alkali basalts around the world. Top diagram from (Hofmann, 
1997) and references therein, lower diagram from (Farmer, 2003) and references therein, Sample 
are shown as open triangulares are taken from (Hashemi et al., 2008). NWIran/East Turkey 
boundaray from (Kheirkhah et al., 2009), Damavand from  (Liotard et al., 2008), Western 
Anatolia from (Alicic et al., 2002), Eastern Anatolia (Pearce et al., 1990) amd Oman from Nasir 
et al. (2006). 
ε N
d
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Fig. 4.10. Plot of 
207
Pb/ 
204
 Pb and 
208
Pb/
204
 Pb versus 
206
Pb/
204
Pb. Source of data and filed 
similar to figure 4.9. NHRL= Northern Hemisphere Reference Line (Hart, 1984). 
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4.4  Discussion and conclusion 
Based on the major and trace element compositions, the western Lut Neogene/Quaternary 
basalts are classified as within-plate sodic alkaline basalts (Figs. 4.4 and 4.6). These basalts have 
erupted along a deep crustal structure, the Nayband fault, which forms the western margin of the 
Lut block.  For a better understanding of the possible causes of volcanism in this region we have 
to focus on the determination of the mantle source characteristics and whether they are derived 
from the asthenosphere or from the overlaying lithosphere, or a mixing of both of them (e.g., 
Fitton and Dunlop, 1985; Weaver et al., 1987; Wilson and Downes, 1991; Yurtmen et al., 2000).  
4.4.1 Crustal contamination 
The fact that these are relatively primitive olivine-bearing alkali basalts with high Mg # 
and also other geochemical features of these samples such as their La/Nb (Fig. 4.8), Ce/Pb and 
Nb/U ratios (Fig. 4.11), suggest that they have not been modified by crustal contamination 
during ascent to the surface. These samples have average Ce/Pb=17 for NNF and more than 39 
for MNF. Nb/U ratio is varies from 43 to 69 for NNF samples and from 44 to 123 for MNF 
samples (Fig. 4.11), relatively similar to those basalts derived from OIB-like sources unaffected 
by crustal contamination (Ce/Pb~25±5, Nb/U~47±10) (Hofmann, 1997; Sims and DePaolo, 
1997; Sun and McDonough, 1989). 
The P2O5/K2O ratio for the MNF basalt sample is around 0.39, indicating very little 
contamination with crust for these younger samples from the middle part of Nayband fault 
(MNF). However, for the older NNF samples, this ratio is around 0.25, lower than a value of 0.4 
which is considered to separate contaminated samples from uncontaminated ones (Miller et al., 
2000). The NNF basalts also have higher 
87
Sr/
86
Sr and lower 
Ɛ
Nd than the MNF basalts, and they 
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(a) 
(b) 
are associated with basaltic andesites and andesites which have even higher 
87
Sr/
86
Sr and lower 
Ɛ
Nd indicating even greater degrees of crustal contamination. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.11. (a) Ce/ Pb versus concentration of Ce and (b) Nb/U versus Nb, plotted on a log-log 
scale.  The MORB and OIB data are taken from (Hofmann et al., 1986), plagic sediments from 
(Taylor and McLennan, 1985). Total continental crust is taken from (Sims and DePaolo, 1997) 
based on the average of four models (Rudnick and Fountain, 1995; Taylor and McLennan, 1985; 
Weaver and Tarney, 1984; Wedepohl, 1994), lower continental crust (Rudnick and Fountain, 
1995), An estimate for the continental lithospheric mantle is taken from (Sims and DePaolo, 
1997). 
 
Model Cont. Crust 
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4.4.2 Fractional crystallization 
These samples show relatively strong positive correlation between CaO versus MgO, 
whereas SiO2 contents show strong negative correlations with MgO that is interpreted as 
fractionation of olivine and clinopyroxene (Fig. 4.5). The compatible trace elements Ni and Cr 
support this observation that this magma experienced some crystal fractionation. Relatively 
strong positive correlation of nickel with MgO is interpreted as the presence of olivine in the 
fractionating assemblage (Fig. 4.5). The ratio of CaO/Na2O versus MgO also exhibits an 
excellent positive correlation (not shown) that means clinopyroxene fractionated from this 
magma. The positive correlation of chromium with MgO could be related to crystallization of 
clinopyroxene and/or a Cr-rich spinel phase. Eu has a positive correlation with SiO2, and here is 
no negative Eu anomaly in normalized REE patterns, indicating that fractionally crystallization 
did not involve plagioclase. 
4.4.3 Partial melting 
According to Fitton and Dunlop (1985), the trace-element composition of sodic alkali 
basalts, typically show evidence that their parental magma were produced by small degrees of 
partial melting (< 5%) of either active (plume) or passively upwelling “asthenospheric” mantle. 
Stern et al. (1990) for example described a model in which the Patagonia alkali basalts of 
southernmost South America are formed by relatively low degrees of partial melting of 
heterogeneous lower continental lithosphere and/or asthenosphere. The La/Yb ratios of the 
western Lut Neogene basalts increase with La concentration (Table 4.2), with the values of 
La/Yb for the younger MNF rocks (26-30) being much higher than the older NNF rocks (9-15). 
This increase in the La/Yb ratio could be a result of different degree of partial melting in the 
mantle source, different mantle sources, or both. The MNF rocks have also higher LREE and 
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LILE abundances than NNF rocks. We suggest that the degree of partial melting may have 
decreased with time from north to south along the Nayband fault. Further to the south, a very 
young (<1 Ma) complex of highly alkaline mafic lamproites, possibly resulting from even lower 
degrees of mantle melting, occurs where the Nayband fault intersects the Zargos Mountains 
(Saadat et al., 2009). 
4.4.4 Primary magma characteristics and possible origin of volcanism 
Although these samples do not have all the requisite features to be considered as a 
primary magma in equilibrium with its mantle source (i.e. Ni >400-500 ppm, Cr >1000 ppm,  
and high Mg values) (Frey et al., 1978; Wilson and Downes, 1991; Winter, 2001), their contents 
of MgO (4.4 - 7.8 %), Mg # (68-84),  Ni (90-173 ppm) and Cr (112-232 ppm) indicate that these 
samples crystallized from relatively primitive magma. There is no significant negative Eu 
anomaly which rules out fractionally crystallized plagioclase or equilibrium with a plagioclase-
bearing mantle source. In addition, HREE concentration is around seven time chondrites (Fig. 
4.7), which may suggest that garnet is absent from the source (Wilson, 1989).  
However, based on their high La/Yb values, that are between 9 to 30 and low Lu/Hf (< 
0.05), the primary basaltic magma can be attributed to melting in the presence of residual garnet 
and therefore at least some portion of the melting must have occurred at depth below the spinel 
to garnet transition in mantle peridotite (Beard and Johnson, 1997; Farmer, 2003; F et al., 1978b; 
Langmuir et al., 1992; Thirlwall et al., 1994). 
The geochemical characteristics of NNF and MNF lavas show no evidence of an arc 
component in their source. Evidence for this includes the absence of a negative Nb anomaly 
relative to LREE, and low Ba/Nb (Figs. 4.7 and 4.8) and La/Nb (Fig. 4.8) ratios. Due to the 
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enrichment of Nb, the values of the ratios of La/Nb versus La and Ba/Nb have an OIB signature 
(Fig. 4.8). This is consistent with the lack of evidence for subduction below this region during 
the Quaternary. Although the final closure of Neotethys Ocean and collision between Arabia and 
central Iran took place during the Neogene (Berberian and Berberian, 1982; Berberian and King, 
1981), and magmatism related to northward active subduction of oceanic lithosphere of Oman 
Sea currently occurs beneath the Makran zone (south of the Lut block), this area presents 
different trace-element chemical characteristics (Figs. 4.7- 4.8) (Saadat et al., 2008). Both the 
Neotethys suture zone and the Makran magmatic arc are far (~1000 Km) away from this region. 
Collision between Arabia and central Iran during late Oligocene–early Miocene (Fakhari et al., 
2008; Horton et al., 2008) led to a transition from an extensional to a contractional tectonic 
regime. So, neither subduction, nor extension is documented during the last 10 Ma in this region. 
Based on the 
87
Sr/
86
Sr ratio (0.705291- 0.705777) and the value of 
143
Nd/
144
Nd ratio 
(0.512686-0.512728), from NNF samples, these sodic continental basalts are plotted on OIB 
field and also have overlap with some EM-2 samples (Fig. 4.9). The 
87
Sr/
86
Sr ratios of the 
samples from the middle part of the Nayband fault (MNF) are lower (0.704592-0.704505), but 
these sample also plots in the OIB field. Lead-isotopic compositions of all these sodic olivine 
basalt lavas also overlap in part of the EM-2 and OIBs field, plotted on the northern hemisphere 
reference line (Fig. 4.10).  
For western and central Europe, most workers (e.g., Oyarnzun et al., 1997; Wedepohl and 
Baumann, 1999; Wilson and Patterson, 2001) support models in which Tertiary and Quaternary 
alkalic magmatism is produced by active mantle upwelling, lithospheric extension and narrow 
mantle diapirs („„hot fingers‟‟) derived from a common reservoir at the base of the upper mantle. 
Farmer (2003) suggested that the basalts with high 
Ɛ
Nd values are derived from melting of the 
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lithospheric mantle that had been metasomatized just prior to basalt formation by incompatible 
element enriched fluids/melts derived from small degrees of melting of upwelling asthenosphere. 
Such a lithospheric mantle source has been proposed for the Yemen Quaternary sodic basalts on 
the Arabian Peninsula (Farmer, 2003). Some workers (e.g. Hart, 1988; McKenzie and O'Nions, 
1983; White and Hofmann, 1982) believe the isotope compositions and trace element 
enrichments of sodic alkaline magmas probably reflect mixing of enriched lithospheric and 
crustal material into the asthenosphere by delamination and subduction.  
Wang et al. (2004) suggested that Tsaolingshan potassic magmas located in northern 
Taiwan mountain belt, which erupted around 0.2 Ma, formed as a result of melting dominantly of 
the metasomatized sub-continental lithospheric mantle (SCLM). This magma has Sr-Nd and lead 
isotope ratio (
87
Sr/
86
Sr=0.70540-0.70551, 
143
Nd/
144
Nd=0.51259-0.51268, 
206
Pb/
204
Pb=18.450, 
207
Pb/
204
Pb=15.628-15.629 and 
208
Pb/
204
Pb= 38.775-38.780) relatively similar to the western Lut 
Neogene sodic alkalic basalts, whereas the geochemical characteristics and concentration of trace 
and rare-earth-elements are different (see Table 4.2 and 4.3 in this paper and Table 2 from Wang 
et al., 2004). Chung et al. (1995) proposed a binary mixing process, requiring additional 
involvement of an EM-2 type component, for generation the Miocene alkali basalts in northwest 
Taiwan. They believe this EM-2 type source, may represent either an ancient metasomatized 
lithospheric mantle (Menzies et al., 1987) or a lower crustal granulite assemblage (Ben Othman 
et al., 1984). 
Barling and Goldstein (1990) have tried to explain isotopic variations in Heard Island 
lavas, on the Kergulen Plateau, as a function of the nature of mantle reservoirs. The 
87
Sr/
86
Sr 
ratios for basaltic and trachybasaltic Big Ben lavas (<1 Ma.) vary from 0.70523 to 0.70792 and 
143
Nd/
144
Nd vary from 0.51239 to 0.51262. The ratios for Lead isotopes reported as 
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206
Pb/
204
Pb=17.7790-18.189, 
207
Pb/
204
Pb=15.55-15.566 and 
208
Pb/ 
20
4Pb=38.646-38.358. The Sr- 
Nd and lead isotopic compositions of western Lut Neogene basalts are also close to this range. 
Barling and Golstein (1990) proposed that the isotopic composition of enriched Heard 
component lies between that of EM1 and EM2, indicating EM components do not have 
distinctive isotopic composition, but rather they represent a spectrum of isotopic compositions 
between the most extreme composition represented by EM2 and EM1. Finally they suggest that 
EM compositions reflect mantle contaminated by recycled continental crust. 
Geochemical characteristics and isotopic composition of Quaternary magmatism from the 
Iran/Turkey borderlands (NW Iran) recently have been described by Kheirkhah et al.(2009). This 
magmatism ranging from calc-alkali types resembling active continental margins to alkali basalts 
with typical within-plate characteristics (Pearce et al., 1990). The 
143
Nd/
144
Nd values range 
between ~0.512627 and ~0.512923 (
Ɛ
Nd = -2.15 and +5.6) and 
87
Sr/
86
Sr ratio ranges between 
0.70461 and 0.705705. Different hypothesis are presented to describe the source regions and 
melting regimes of these magmatism.  Pearce et al. (1990) suggested lithosphere delamination as 
a trigger. Keskin (2003) invoked break-off of the slab of Neo-Tethyan oceanic crust beneath 
Eurasia, especially for the concentration of magmatism in eastern Anatolia. Both mechanisms 
may occur (Keskin, 2007). The chemistry of the samples of volcanic centers in eastern Anatolia 
and north west Iran, with the exception of Sivas and Karacalidag, are largely derived from 
melting of continental lithosphere in the spine lherzolite field (<80 km) and show subduction 
component, characterized by high La/Nb ratios and elevated LILE (Kheirkhah et al., 2009). 
Pliocene–Quaternary alkali basalt flows on the Sivas pull-apart basin along the Central Anatolian 
Fault Zone, in eastern Anatolia  have La/Nb ratios of ~1 or <1,  melting during the strike-slip 
faulting and associated local extension tapped a mantle source without the regional subduction 
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signature (Kheirkhah et al., 2009). Parlak et al. (2001) used the HREE values of Sivas volcanic 
center (Yb and Lu ~6 x chondritic values) to infer melting of asthenosphere in the garnet stability 
field (>80 km). Lavas from south of the suture at Karacalidag also have low HREE contents, and 
have been modelled as deriving from melts in the garnet stability field (Pearce et al., 1990). 
Kheirkhah et al. (2009) proposed that the Sivas basalts are more confidently assigned to an 
asthenospheric source, similar to OIB. The cause of melting on the regional scale is related to 
either partial loss of the lower lithosphere, slab breakoff of Tethyan oceanic lithosphere, or a 
combination of the two (Kheirkhah et al., 2009). 
As documented above, most of the examples of this type of magmatism around the world 
imply that it is not easy to provide a unique explanation to this given geochemical observations. 
Lut as a micro-continental block was near Arabian plate as a part of Gondwana during the early 
Paleozoic and it experienced different type of tectonic activities, various rotation and lateral 
displacement from early Paleozoic to present. So, it is not surprising that mantle beneath the Lut 
block was the target of different stage of ancient and present subduction, slab breakoff, and the 
presence of continental crust recycled to the mantle through subduction. Low Pn velocity (Al-
Lazki et al., 2004) in the Lut block and Central Iran is implying the presence of anomalously hot 
and/or thin mantle lid. A lithospheric delamination event in Plio-Quaternary time may also 
significantly contribute to the observed widespread volcanism in this area (Al-Lazki et al., 2004). 
Harig et al. (2010) described that thinning of the lower lithosphere due to Rayleigh--Taylor 
instability can be a source for continental magmatism near active or recently active plate 
boundaries. They believe a mixture of rheological properties could provide a mechanism for the 
narrow zones of thinning and upwelling, which would facilitate decompression related 
volcanism.  
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In summary, alkali olivine basalts erupted along the north and middle parts of the 
Nayband fault have been formed by variable (low) degrees of partial melting of similar EM-type 
mantle source. The degree of mantle melting may have decreased with time between 15 Ma 
(NNF) and 2 Ma (MNF). These low-volumes, low-degree melts rose to the surface along the 
very deep strike-slip Nayband fault without (MNF) or with a small amount (NNF) of interaction 
with the continental crust. Trace elements and isotopic composition of theses lavas have been 
interpreted as indicating the participation of EM-type mantle asthenosphere and the continental 
mantle lithosphere in the generation of these magmas.  
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CHAPTER V 
Petrogenesis of Neogene alkali olivine basalt from the north-central Lut block, eastern Iran 
Summary 
Neogene volcanics rocks within the central Lut block represent the last manifestation of a 
much more extensive mid-Tertiary magmatic event. These basalts and andesites generally plot in 
the Na-Series field, but a few of them belong to the K-series or high K-series.  Olivine basaltic 
samples have moderate to high MgO (3.4 – 12.8 wt. %) and Al2O3 (11.5 – 16.8 wt. %) and they 
plot in both alkali and sub-alkali fields. These basalt samples are enriched in LREE relative to 
HREE and the values of (La/Yb)N vary from 5.3 to 18.1. These and other trace element 
characteristics indicate that their parental magma were produced by generally low, but variable, 
degrees of mantle partial melting, involving mixing of small melt fraction from garnet-facies 
mantle with relatively larger melt fractions from spinel-facies mantle. They formed from both 
OIB-like asthenosphere and subcontinental lithosphere which preserved chemical characteristics 
inherited from mid-Tertiary subduction associated with the collision of the Arabian with the 
Eurasian plate and closing of the Neotethys oceans which bounded the Lut block. Basalts from 
the western north-central Lut block have high Ti and are very similar in trace element abundance 
patterns to the average composition of oceanic island basalt (OIB). In contrast, samples from 
further to the east are with few exceptions low Ti, and depletions in Nb relatively to LILE (high 
Ba/Nb and La/Nb ratios) for basalts and andesitic samples from the central Lut block suggest 
affinities, at least for some of these samples, with other convergent plate boundary arc magmas 
around the world. These latter have been derived from an enriched mantle source, most likely the 
subcontinental lithosphere, containing a distinct subduction signature. Large ion lithophile 
element/high field strength element (LILE/HFSE) such as Sr/Nb, Ba/Nb and La/Nb, increase 
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from NE to the SW in this area. We interpret these LILE/HFSE variations as an indication that 
subduction signature increases to the south-southwest of the central Lut block, where Neotethyan 
oceanic crust was subducted beneath Iran from approximately Late Triassic to Late Oligocene 
time. Based on the K/P and Ti/Yb versus 
87
Sr/
86
Sr ratios, and Ce versus Ce/Pb ratios, at least 
some of the central and eastern Lut block basaltic samples, especially the K and high-K series 
samples, may have been affected by varying extents of crustal assimilation during ascent to the 
surface. 
5.1 Introduction  
The Lut Block, where this study is focused, is located in eastern Iran (Fig. 5.1). The 
complex tectonic evolution of this area of the Iranian Plateau, which is a region connecting the 
Alpine and Himalayan orogenic systems, involves the closure of the Paleotethys ocean during 
collision with the Eurasian plate to the north, the closure of the Neotethys ocean during collision 
of the Arabian plate from the west, the closure of the Sistan ocean from the east, and ongoing 
subduction of the Oman oceanic plate from the south below the active Makran arc. Magmatism 
in these continental collision arcs involved contributions from subducting oceanic slabs, the 
subcontinental mantle and the continental crust. The relatively primitive alkali olivine basalts 
that erupted along the margins and within the Lut block during the Neogene (Fig. 5.1) provide a 
window into the subcontinental mantle in this area, and the opportunity to determine information 
about this mantle which is an important first step in understanding all Iranian Neogene 
magmatism. The focus of this paper is Neogene/Quaternary basaltic rocks in the north-central 
part of the Lut block, with the goal of trying to better understanding petrogenesis of these 
igneous rocks and their relation with tectonic processes.  
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Fig. 5.1. Simplified distribution of volcanic rocks in the north-central Lut block and main 
sampling locations. (A) Conrad ea al. (1981); (B) Walker et al. (2009); (C) Baumann et al. 
(1982); (D) Tarkian, et al. (1983); (E) Jung et al. (1984); (F) Zarrinkoob et al. (2008). 
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5.2 Tectonic and geological background 
5.2.1 Regional tectonics and geographic setting 
The Lut block is a micro-continental block separated from the rest of the Iranian plateau 
on the east and west by major north-south structural zones. It extends over 900 km in a north-
south direction between latitudes 28
o
-35
o
N, and is 250 km wide in an east-west direction 
between longitudes 57
o
-61
o
E (Fig. 5.1). The overall uniformity of the Paleozoic platform strata 
and U–Pb geochronological data (Hassanzadeh et al., 2008; Horton et al., 2008; Ramezani and 
Tucker, 2003) indicate that Central–Eastern Iran, including the Lut block, was near Arabia and 
constituted part of Gondwanaland supercontinent during the early Paleozoic. From Late 
Precambrian until Late Paleozoic time, it was separated from the Eurasian plate by the Hercynian 
Ocean called Paleotethys (Shahabpour, 2005) and from Arabia by the Neotethys Ocean   
(Dercourt et al., 1993; Golonka et al., 1994; Sengor and Natalin, 1996).  
The closure of Paleotethys by the northward motion of the Central-Eastern Iran and 
central Afghanistan micro-continents resulted in their welding with the Eurasian plate 
(Shahabpour, 2005). Based on the zircon ages for the Shemshak formation (Horton et al., 2008), 
the Iran–Eurasia collision must have happened during the late Carnian–early Norian time 
(roughly 222–210 Ma). This is in agreement with the age proposed for the suture zone in the 
northeastern Iran by Alavi (1979). After the Iran–Eurasia collision, a new northward-dipping 
subduction zone developed along the northern margin of the Neotethys (Golonka, 2004). The 
Arabian platform, which had been stable since Precambrian time, plunged beneath Central Iran. 
Collision between Arabia and central Iran seems to have begun sometime between the end of the 
Eocene and before the Miocene (Hatzfeld and Molnar, 2010). Ages of early foreland basin fill in 
the Zagros fold-thrust belt also suggests that collision-related shortening was certainly underway 
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by the late Oligocene–early Miocene (Fakhari et al., 2008; Horton et al., 2008). The 
northeastwards movement of the Arabian margin of the African–Arabian plate and the 
northeastward movement of India during the Cretaceous led to the narrowing of both western 
and eastern Neotethys, respectively (Golonka et al., 1994).  
The evolution of the present Central-eastern Iranian domain was controlled by a sequence 
of back-arc extensional and compressional cycles that were generated by the north-dipping Neo-
Teotethys subduction (Bagheri and Stampfli, 2008). The timing of subduction, the role of the 
trench pulling force and the movement velocity varied for different plates. These differences led 
to the development of several major strike-slip faults which bound the Lut block and cut both 
continental and Jurassic–Cretaceous oceanic crust(Golonka, 2000; Jackson, 1992; Kopp, 1997). 
Discussions by Wensink (1979; 1982), Wensink & Varekamp (1980), Soffel & Forster 
(1980), Davoudzadeh & Schmidt (1984), Bina et al. (1986), Soffel et al. (1996), Saidi (1997) 
also suggest the importance of rotations in Central-Eastern Iran at different scales (Besse et al., 
1998). Until Jurassic times, the Lut Block belonged to the Central Iran continental domain. 
Compared to its present position, the Lut block underwent an anti-clockwise rotation, relative to 
Eurasia, possibly during the Tertiary (e. g., Bagheri and Stampfli, 2008; Soffel et al., 1996; 
Westphal et al., 1986) due to the collision of India and Afghanistan with Eurasia. According to 
paleomagnetic data presented by Soffel et al. (Soffel et al., 1996), the post Triassic counter-
clockwise rotation of the Central–East Iranian block is approximately 135° with respect to 
Eurasia. The palaeomagnetic survey by Conrad et al. (1981) also reveals an anticlockwise 
rotation of about 90º of the Makran depression south of the Lut block between Paleocene and 
Miocene time, but Plio-Quaternary sites show that most of the rotation was completed by 10 Ma. 
Hence, the present eastern border of the Lut block would have corresponded to its former 
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southern border, relatively parallel to the active margin where the Neo-Tethys was beginning to 
be subducted beneath the Central-Eatern Iran during the Mesozoic (Dercourt et al., 1986).  
Central-Eastern Iran, as a microcontinent, is surrounded on all sides by ophiolites and 
ophiolitic melange probably formed as a result of closure of the Red Sea-type ocean basins 
during the Mesozoic (e. g., Shojaat et al., 2003; Takin, 1972). In the north, the Central- Eastern 
Iran domain is separated from the Alborz–Binaloud by the Sabzewar Basin about 200 km in 
width (Kaz‟min et al., 2010). To the west, in the Bafgh–Nain Zone, the ophiolitic melange 
separates the Central- Eastern Iran from the Sanandaj–Sinjar Zone (e. g., Sengor, 1990). Similar 
complexes, known as the Sistan suture zone,  marks the East Iranian Fold belt that extends from 
south to north between the eastern margin of the Lut block and the Afghan continental blocks (e. 
g., Delaloye and Desmons, 1980; Saccani et al., 2010). Ophiolitic rocks also entered into the Lut 
Block along a system of branching curvilinear faults probably related to the above mentioned 
counterclockwise rotation of the Lut block (Kaz‟min et al., 2010) (Fig 5.1). 
5.2.2 Geology 
Sedimentary strata in the Lut block are mainly younger than Permian and consist of 
shallow marine carbonates, shales and sandstones (Stöcklin et al., 1971). Continental Neogene 
sedimentary deposits, several hundred meters of upper Pliocene lacustrine silts, Quaternary sand 
dunes, salt flats and alluvial fans cover large areas of the Lut block.  
In the east and northeast of the Lut block, Cretaceous ultramafic and mafic ophiolitic 
rocks occur. These ophiolites are interpreted as remnants of Sistan oceanic lithosphere, known as 
a northwards projecting arm of the Neo-Tethys Ocean (e. g., Tirrul et al., 1983). According to 
Saccani et al. (2010), these ophiolitic rocks were generated in a mid-ocean ridge setting and the 
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phase of convergence between the Lut and Afghan blocks was accompanied by the development 
of an intra-oceanic arc setting. In the same area, metamorphic rocks dominated by metacherts, 
metaspilites and metabasites include variably overprinted eclogites, blueschists, and epidote–
amphibolites (Fotoohi Rad et al., 2005). 
Based on very limited geochronology data, magmatic activity in the Lut block started in 
the late Jurassic (Esmaiely et al., 2005; Tarkian et al., 1983) and continued into the Quaternary, 
forming a variety of volcanic and volcanoclastic rocks, as well as subvolcanic stocks and 
intrusive rocks.  Sorkh-Kuh and Shah-Kuh are the most important Jurassic granite complexes in 
the center of the Lut block, with ages of 165-170 and 161-165 Ma respectively. These granitoids 
rocks, and also Kuh-e Bidmeshk pluton, have almost similar composition (Tarkian et al., 1983), 
and based on geochemical and isotopic characteristics reported by Esmaeily et al. (2005), most 
rocks of Shah-Kuh intrusive bodies plot in the volcanic arc granite field and could have been 
emplaced along an active continental margin setting. As discussed above, this is consistent with 
the initial location of the Lut block at 160-170 Ma, when these intrusive bodies were emplaced. 
The present level of the geochronology information indicates that the next episode of 
magmatism within the Lut block was happened during late Cretaceous.  Two Rb/Sr dating by 
Baumann et al. (1982), yielded ages around 77 Ma for Bejestan S-type granitoid rocks located 
the northwestern part of the Lut block. As pointed by Jung et al. (1984), andesitic rocks around 
these intrusive rocks were affected by the thermal metamorphism, which means the magmatic 
activity in this part of the Lut block must have started before the Bajestan granitoid was 
emplaced. To the southwest of Bejestan intrusive rocks and volcanic rocks of andesitic and 
dacitic composition are exposed. The Rb-Sr age determination of these rocks corresponding to an 
age of 73±9 Ma (Jung et al., 1984).  
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5.2.3 Tertiary magmatism 
Extensive Tertiary magmatic activities in the Lut block have been described by Jung et 
al. (1984). Their paper provided a good basic understanding of geochemistry and the timing of 
Tertiary magmatic activity in the Lut block. They classified Tertiary magmatic rocks in northern 
Lut block as dacitic, rhyolitic, andesitic and basaltic, including both extrusive and intrusive 
forms. The andesites, dacites and rhyodacites volcanics were erupted together during the late 
Cretaceous to the early Neogene. Rhyolite ignimbrites in the northern part of the Lut block were 
erupted repeatedly during this volcanic activity. The oldest of these units is 60-63 Ma and the 
youngest units indicate K-Ar age around 31 Ma (Jung et al., 1984). An Ar-Ar age determination 
(Zarrinkoub et al., 2008) of one andesitic sample in central Lut block yielded late Oligocene age 
(25.1 Ma). Jung et al. (1984) subdivided the basaltic rocks into calc-alkaline, alkaline and very 
high potassium rock (shoshonitic) series. Maximum volcanic activity took place at the end of 
Eocene time and the middle Eocene is distinguished by alkaline and shoshonitic volcanism 
(Lensch and Schmidt, 1984). K-Ar age dating indicates a range of ages for basaltic samples 
between 43-15 Ma (Jung et al., 1984). Small outcrops of Tertiary intrusive rocks such as granite, 
granodiorite, quartz monzonite and syenite also occur in the center of the Lut block. Late 
Neogene/Quaternary volcanic activities in the Lut block, the focus of this paper, are mainly 
mafic in composition, but also include a small volume of andesites and dacites (Table 5.1).  
Within the central, eastern and western Lut block, the surface areas covered by volcanic 
rocks have varied with time (Fig. 5.2). The surface data were grouped according to ages reported 
in geological maps as mainly inferred from stratigraphic relationships. Absolute ages, obtained 
from isotopic methods, are also considered (Table 5.2). The results, which are displayed in 
diagrams plotting erupted material versus time (Fig. 5.2), indicate over the period 65 to 56 m.y.  
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(Paleocene), the central, eastern and western Lut block have been covered by just around 727 
Km
2
 of volcanic rocks.  In contrast, from 56 to 34 Ma (Eocene), the total areas of volcanic 
provinces have covered an area more than 16000 Km
2 
(Fig. 5.2). The surface eruption rate 
decreased markedly during the Oligocene and Neogene/Quaternary time to ~3800 Km
2
 and 
~3300 Km
2
 respectively (Fig. 5.2). 
 
Table 5.1. Neogene and Quaternary sample locations and rock type.  
Sample  Latitude Longitude Rock type Sample  Latitude Longitude Rock type 
D1 32 20 30 54 33 10 Basalt C23-2 31 49 00 59 41 40 Hawaiite 
C2 33 27 37 59 25 06 Hawaiite C 25 31 53 28 58 54 43 Andesite 
C3 33 27 37 59 25 08 Hawaiite C 28 32 14 51 59 05 46 Andesite 
C4 33 27 35 59 25 07 Hawaiite C 30-1 32 37 53 58 36 42 trachyandesite 
C5 33 27 34 59 25 08 Basalt C 31-1 32 38 01 58 34 50 Hawaiite 
C6 33 27 09 59 25 49 Basalt C 31-2 32 38 01 58 34 50 phonolitic tephrite 
C7 33 27 09 59 25 49 Basalt Bs-1 34 23 19 57 59 25 Andesite 
C8 33 02 23 60 05 35 Basalt Bs-2 34 26 51 57 57 43 Basalt 
C10 33 04 06 60 07 16 Andesite S1-1* 32 52 00 57 25 00 trachyandesite 
C11 32 34 03 59 43 46 Dacite S1-3* 32 52 00 57 25 00 basalt 
C12 32 43 06 59 31 57 Hawaiite S2-2* 32 51 00 57 01 00 Hawaiite 
C13 32 39 04 59 29 17 trachyandesite S2-3* 32 51 00 57 01 00 Basalt 
C 20-1 32 08 36 59 45 11 Andesite S3-1* 32 42 00 57 26 00 Hawaiite 
C21 31 50 33 59 57 28 Basalt GM-1* 31 02 00 57 36 00 Hawaiite 
C22-5 31 49 00 59 41 41 Hawaiite Gg-1* 31 00 00 57 38 00 Basanite tephrite 
C23-1 31 49 00 59 41 40 Hawaiite G128* 31 00 00 57 39 00 Basanie tephrite 
        
*From western Lut 
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Fig. 5.2. Variations in intensity of magmatism are plotted as surface areas covered by volcanic 
rocks of different compositions as function of time. 
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Table 5.2. Radiometric age and 
87
Sr/
86
Sr ratios of different igneous rocks from the eastern Iran 
pre Neogene magmatism. 
Sample location Rock type Age(Ma) Method (
87
Sr/
86
Sr)m (
87
Sr/
86
Sr)i Ref. 
Sorkh-kuh(SW BJD) Granodiorite 165-170 Rb-Sr 0.71025-0.72276 0.7070-0.7072 A 
Shah-Kuh(SW BJD) Granod./Granite 165-161 K-Ar 0.708965-0.714688 0.70609-0.70684 B 
       
Bejestan (BJS) Granite 76-77 Rb-Sr 0.71280-0.71570 0.7102-0.7126 C 
       
Koshab ( BSH) Ignimbrite 62.9 K-Ar 0.70819 0.7068 E 
vaghi (BSH) Ignimbrite 61.6 K-Ar 0.70888 0.7073 E 
Boshruyeh (BSH) Ignimbrite 61.6 K-Ar 0.71057 0.7094 E 
Junchi II (FWS) Ignimbrite 56.7 K-Ar 0.705859 0.7067 E 
       
Kuh-e-Birg (S FWS) Dacite 43.6 Rb-Sr 0.70724 0.7065 A 
Houz-e-Mollarahim (FWS) Shoshonite 43.4 K-Ar 0.7055 0.7054 E 
Ferdows (FWS) Basalt 42 K-Ar 0.70456 0.7045 E 
Kuh-e-Robatshur (SW FWS) Syenite 42 Rb-Sr 0.7069 0.7051 E 
Doshak centar (SW KHR) Ignimbrite 41.4 K-Ar 0.70594 0.7055 E 
shurab-Galechah (SW FWS) Dacite 41.3-42.4 Rb-Sr 0.70491- 0.70551 0.7048- 0.7056 A 
Doshak south (SW KHR) Ignimbrite 41.1 K-Ar 0.70556 0.7053 E 
Nakhob (FWS) Ignimbrite 41.1 K-Ar 0.706531 0.7053 E 
Qol-e-Gonbad (SW KHR) Trachybasalt 39.6 Rb-Sr 0.71171 0.7047 A 
Cheshmeh- Khuri (SE BJD) Andesite 39 Rb-Sr 0.7057 0.7055 E 
       
Mood (SW BJD) Basalt 31.4 K-Ar 0.70442 0.7044 E 
       
A: Tarkian et al., 1983; B: Esmaeily et al., 2004; C: Baumann et al., 1982; D: Berberian et., 
1982; E: Jung et al., 1984. BJD: Birjand; BGS: Bejestan; BSH: Boshroyeh; FWS: Ferdows; 
KHR: Khur; Granod. : Granodiorite. Ref: References. 
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Although there is no data concening the thickness of extrusive rocks in this area, the 
overall rate of magmatism ranged from 75 Km
2
/m.y. to 743.5 Km
2
/m.y. from Paleocene to 
Eocene based on the surface area which covered by volcanic rocks. This number ranged from 
350 Km
2
/m.y. to 144 Km
2
/m.y. for Oligocene and Neogene/Quaternary respectively. This result 
suggests that the maximum volcanic activities took placed during Eocene time, and then it 
dramatically decreased to the present.  
According to available radiometric ages (e. g., Jung et al., 1984), it seems volcanic 
activity began earlier in the north of the Lut block than in the south, migrating to south with time 
(Table 5.2, Fig. 5.2). Within the northern part of the central Lut, andesitic rocks around the 
Bejestan granitoid rocks (77 Ma, Baumann et al., 1982) were affected by the thermal 
metamorphism of these intrusive rocks so, the magmatic activity in this part of the Lut block 
must have started before the Bajestan granitoid was emplaced (Jung et al., 1984). Toward south, 
the ages of the oldest dacitic and rhyolitic rocks of Ferdows-Deyhouk area (Koshab, Boshruyeh 
and Vaghi) are between 61-63 Ma (Table 5.2). To the south of these units, the ignimbrites of 
Junchi and Doshak have an age of some 57 Ma and 41Ma respectively (Table 5.2). Further to 
south, southeast of Birjand, the age of basalt and andesitic rocks from the Moud and Fanud area, 
is reported 31(Jung et al., 1984) and 25Ma (Zarrinkoub et al., 2008) respectively ( Table 5.2). 
As documented by Jung et al. (1984), the ignimbrite of Mood, which is younger than 
underlying basalts with ages of 31 Ma, is the youngest ignimbrite unit in this area. This 
migration of volcanism with time, from north to the south is also significant for 
Neogene/Quaternary alkali olivine basalts that have erupted along the Nayband fault along the 
western margin of the Lut block. Geochronological data for these alkaline basalts yield ages of 
15 Ma (Jung et al., 1984) for samples from northern Nayband fault (NNF; Fig. 5.1), and of 2.2 to 
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2.6 Ma (Ar/Ar method, Walker et al., 2009) for samples from further south, middle of Nayband 
fault, that is called Gandom Beryan (MNF; Fig. 5.1). Also, along the eastern margin of the Lut 
block, along the Nehbandan fault (Fig. 2), the alkali basalts with ages between 4.8Ma (Conrad et 
al., 1981) and 1.5Ma (Walker et al., 2009) show the same pattern of southwards migration with 
time (Fig. 5.1).  
According to data summarized here (Fig. 5.2), it seems from Eocene-early Oligocene to 
Neogene/Quaternary, there is also a significant transition in composition and volume of 
volcanism from mainly intermediate and felsic volcanics with calc-alkaline characteristics to 
more limited mafic magmatism with trace element compositions similar to those of oceanic 
island basalts as discussed in more detail below. 
5.3 Results 
5.3.1 Petrography 
Basaltic samples were collected from the center of the Lut block, along the eastern 
margin of the Lut block within the northern extension of the Sistan suture zone, and along the 
western margin of the block associated with the Nayband strike-slip fault (Fig. 5.1, Table 5.1). 
These basalts are dark colored, compact and occasionally contain vesicles. They have 
mainly porphyritic texture, containing 10% to 15% sub to euhedral olivine (0.5-1.5 mm and 
rarely up to 4mm in diameter) ± clinopyroxene (0.5-1.5 mm in diameter) and ± plagioclase (1-3 
mm in diameter) phenocrysts. Groundmass textures are microcrystalline and vary between 
trachytic, intersertal and intergranular with subhedral olivine, lath-like plagioclase, and 
clinopyroxene as the dominant phases. Just in one sample (C31-2, micro gabbro), phlogopite is 
present. Ti-magnetite, ilmenite, magnetite and chromum spinel also are present as accessory 
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minerals. In some samples plagioclase laths are embedded in subhedral and anhedral phenocrysts 
of augite clinopyroxene resulting in subophitic texture. Apatite is an accessory mineral. Small 
amounts of chlorite, secondary calcite occur in fractures and vesicles in some samples, which are 
otherwise fresh and unaltered. Some photomicrographs of these rocks are shown in Figure 5.3. 
Andesitic samples from the central and eastern Lut block have porphyritic texture contain 
phenocrysts from 0.5 mm to 4 mm in size. Pyroxenes (both clinopyroxene and orthopyroxene) 
and plagioclase are common phenocrysts. The groundmass also consists mainly of plagioclase 
laths, pyroxene and accessory alkali feldspar. In addition opaque minerals (magnetite, ilmenite), 
apatite, are present in the groundmass. Minor amounts of secondary calcite, clay mineral, 
serecite and chlorite occur in some samples (Fig. 5.3). More detail description of andesitic and 
dacitic rocks from the northern Lut block can be found in Jung et al. (1984). 
5.3.2 Mineral compositions 
Olivine 
The core compositions of the olivine phenocrysts from central and eastern Lut block 
basalts range between Fo64 to Fo90. These have relatively Mg-rich cores between Fo81 and Fo91, 
mantled by less forsteritic rim (Appendic C, Table 1). The cores also have higher NiO contents
 
than the rims. Microliths of olivine show relatively similar composition to the rim of the olivine 
phenocrysts.  
Clinopyroxene  
Clinopyroxene phenocrysts are predominantly diopside and augite (Wo43-46, En42-48, and 
Fs10-12). The amount of TiO2 in clinopyroxenes ranges from 0.3 to 1 wt % and Al2O3 ranges from 
1.7-4.6%. There is a small variation, involve the elements Mg, Fe, Ca, and Al from core to rim in 
138 
 
 C 31-2 
12 
OL OL 
CPX CPX 
CPX CPX 
PHLO PHLO 
PLG PLG 
   C 12    C 12 
 C 31-2 
the analyzed samples. The rim has more Fe and less Mg relative to the core (Appendix C, Table 
2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.3. Photomicrograph taken under crossed polarizers. CPX: clinopyroxene; PLG: 
plagioclase; OL: olivine; PHLO: phlogopite. 
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Feldspar 
The compositional range of plagioclase (mainly in the groundmass) from central and 
eastern Lut block samples is An62-39. Rare K-feldspar, which only occurs in the groundmass, 
show composition varies from Or53 to Or71 (Appendix C, Table 3) 
5.3.3 Whole rock compositions 
Major elements 
The major element concentrations of the Neogenr/Quaternary basaltic samples (SiO2 ~ 
48-52 wt. %) from the center, eastern and western part of the Lut block are presented in Table 
5.3 and Table 5.4. The major element concentrations of andesitic samples (SiO2 ~ 54-64 wt. %) 
from central and eastern Lut block is shown in Table 5.5. Samples analyzed as part of this study 
plot in the both alkaline and subalkaline fields (Fig. 5.4) and the chemical composition of the 
basaltic rocks are mainly plotted on the basalt or hawaiite field on silica versus total alkalis 
classification diagram (Fig. 5.4). 
Intermediate rock samples (SiO2~54-61wt. %) in this area vary from andesite, 
trachtandesite, dacite and andesite basalt (Fig. 5.4). Normative nepheline of the basaltic samples 
from the central and western Lut block samples varies from absent to 10% (Table 5.3), whereas 
the alkaline olivine basalts from the western part of the Lut block contain normative nepheline 
up to 16% (Table 5.4). The highest value of normative nepheline from central and eastern Lut 
samples refers to the floated microgabbro sample (C31-2), which has phlogopite in its mineral 
assemblage. 
 
 
140 
 
Table 5.3. Major elements compositions of Neogen/Quaternary basaltic samples from central 
and eastern Lut block. 
Sample  C31-2 C31-1 C23-2 C23-1 C22-5 C21 C12 C8 
SiO2 51.1 52.4 51.7 51.9 51.6 49.6 49.6 50.0 
TiO2 0.6 0.8 1.2 1.2 1.2 0.7 1.0 1.4 
Al2O3 16.8 16.9 16.0 15.5 16.7 11.5 13.9 16.1 
TFeO 6.9 7.9 7.1 7.8 7.8 9.3 9.4 8.9 
MnO 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
MgO 3.5 4.3 4.3 4.8 3.4 12.8 10.8 7.1 
CaO 6.6 7.7 10.7 10.1 8.6 7.8 8.2 8.8 
Na2O 3.4 3.0 3.6 3.5 3.8 2.1 4.2 3.5 
K2O 7.2 3.3 2.4 2.3 2.6 3.0 2.0 1.4 
P2O5 0.8 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
L.O.I 2.0 2.2 2.0 2.0 3.4 2.0 1.6 2.3 
Total 97.2 99.1 99.5 99.5 99.7 99.3 100.0 99.9 
         
K2O/Na2O 2.11 1.09 0.65 0.66 0.70 1.42 0.47 0.39 
K2O+Na2O 10.70 6.40 6.00 5.70 6.40 5.10 6.10 4.80 
Mg# 68 - - - - 91 90 85 
N. Neph. 10 0 0 0 0 0 3.80 0 
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Table 5.3. (Continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample C7 C6 C5 C4 C3 C2 D BS-2 
SiO2 49.1 47.8 47.7 47.9 48 47.8 48 48.33 
TiO2 1.4 1.5 1.5 1.4 1.5 1.7 2.7 2.46 
Al2O3 16.4 15.1 15 15.6 16.2 15.7 14.7 15.9 
TFeO 9.5 9.9 9.8 9.3 9.7 9.7 10.1 8.6 
MnO 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.22 
MgO 6.6 8.3 7.8 6.6 5.8 7.1 7.3 2.35 
CaO 9.0 9.9 8.2 7.4 7.2 9.4 8.4 15.15 
Na2O 4.1 3.5 3.3 3.6 4.8 3.5 4.4 3.86 
K2O 1.4 1.2 1.8 2.2 1.7 2 1.7 1.5 
P2O5 0.5 0.5 0.5 0.5 0.5 0.6 0.6 0.6 
L.O.I 1.6 2 2.7 3.7 3.8 0.9 1.2 
 
Total 99.7 97.7 98.4 98.3 99.2 98.5 97.9 98.97 
         
K2O/Na2O 0.34 0.34 0.55 0.62 0.35 0.58 0.4 0.39 
K2O+Na2O 5.50 4.60 5.10 5.90 6.50 5.50 6.1 5.36 
Mg# - - - - - - - - 
N. Neph. 0 0 0 0 2.1 0 0.9 2.1 
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Table 5.4. Major elements compositions of Neogen/Quaternary basaltic samples from western 
Lut block. 
Sample  S1-1 S1-3 S2-2 S2-3 S3-1 GM-1 Gg-1 G128 
SiO2 52.7 51.2 51.6 49 49.9 46.2 46.2 45.6 
TiO2 2.5 2.7 2.2 1.9 1.9 2.3 2.4 2.3 
Al2O3 15.2 14 15 14.1 15.1 12.8 13.8 13.8 
FeO 10.4 10.9 10.2 9.3 10.1 11.8 11.7 11.2 
MnO 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 
MgO 4.4 4.8 4.5 5.9 5.6 6.7 7.8 7.3 
CaO 7.4 7.2 7.6 10.8 9.2 10.9 8 7.6 
Na2O 4.5 4.1 5.1 4.5 5 4.4 5 5.2 
K2O 1.5 1.2 0.8 1.1 1 2.1 1.8 2.2 
P2O5 0.4 0.3 0.2 0.3 0.2 0.8 0.8 0.8 
L.O.I 0.03 1.35 1 1.1 0.06  - -  -  
Total 99.13 97.85 98.3 98.1 98.16 98.2 97.7 96.2 
 
        K2O/Na2O 0.3 0.3 0.2 0.2 0.2 0.5 0.4 0.4 
K2O+Na2O 6 5.3 5.9 5.6 6 6.5 6.9 7.4 
Mg# 72 - - 79 83 79 - - 
N. Neph. 0 0 1.7 9.2 7.9 15 14 16 
Major element data (in wt %) are from XRF analysis. Mg # = 100Mg / ( Mg + Fe
+2
) calculated 
with Fe
2+
= 0.85(total Fe). Total Fe reported as FeO. N. Neph= Norrmative nepheline, Data from 
Saadat et al. (2010). 
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Table 5.5. Major elements compositions of Neogene andesites/dacites samples from central and 
eastern Lut block.  
Sample  C30-1 C28 C25 C20-1 C13 C11 C10 BS-1 
SiO2 56.85 55.82 58.09 55.42 59.80 63.42 60.94 54.44 
TiO2 0.66 0.80 0.72 0.85 1.34 0.80 0.77 1.15 
Al2O3 15.52 15.97 16.83 14.17 16.78 16.20 16.28 19.23 
TFeO 6.86 7.17 6.89 7.25 6.08 4.76 5.79 9.77 
MnO 0.16 0.17 0.19 0.15 0.15 0.12 0.15 0.12 
MgO 4.93 5.35 2.05 5.84 0.97 0.78 2.13 3.43 
CaO 6.98 6.88 6.34 8.05 4.95 3.88 5.98 6.76 
Na2O 3.15 3.74 3.24 3.21 4.14 3.41 3.94 2.09 
K2O 2.84 1.81 2.76 2.34 2.75 3.72 1.34 2.26 
P2O5 0.26 0.21 0.20 0.29 0.30 0.21 0.21 0.21 
L.O.I 1.92 
    
2.18 
  
Total 100.13 97.92 97.31 97.57 97.26 99.48 97.53 99.46 
         
K2O/Na2O 0.90 0.48 0.85 0.73 0.66 1.09 0.34 1.08 
K2O+Na2O 5.99 5.55 6.00 5.55 6.89 7.13 5.28 4.35 
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Fig 5.4. (Top) Geochemical division of rocks based on Na2O+K2O (wt.% ) against SiO2 (wt.%), 
from (Cox et al., 1979). The dividing line between subalkaline and alkaline field is from 
(Myashiro, 1978). (Down) K2O versus Na2O diagram after (Middlemost, 1975) and TiO2 versus 
MgO. Samples of previous study compiled from various sources (Appendix D, e. g., Isfahani and 
Sharifi, 1999). 
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K2O versus Na2O diagram shows that these samples, similar to the other young basaltic 
samples from the Lut block, mostly (13 samples) plot on the Na-Series field, but three of them 
belong to the K-series (C31-1 and C21) or high K-series (the phlogopite bearing sample CS31-2; 
Fig. 5.4). MgO versus TiO2 diagram indicates that these samples generally plot on the low-Ti 
field, whereas the Quaternary and Neogene alkali basalts from the western Lut have higher Ti 
content (Fig. 5.4). Just two samples (D and Bs-2) that were collected from the central and eastern 
part of the study area shows high Ti value similar to those were collected from western Lut block 
(Fig. 5.4).  
Basaltic samples have moderate to high MgO (3.4 – 12.8 wt. %) and Al2O3 (11.5 – 16.8 
wt. %; Table 5.3). As shown in Figure 5.5, both basaltic and andesitic samples indicate positive 
correlation between CaO/Na2O versus MgO, whereas SiO2 contents show negative correlations 
with MgO (Fig. 5.5).  
Compatible and incompatible trace elements 
Trace elements concentrations of the Neogene/Quaternary basalts from the central, 
eastern and western Lut block are presented in Tables 5.6 and 5.7 and these values for andesitic 
samples is shown in Table 5.8. The concentrations of Ni vary from 42 to 355 ppm (167ppm in 
average) for sodic basaltic samples (K2O/Na2O<1) and from 36 to 361 ppm (145 ppm in 
average) for those have K2O/Na2O>1 (Table 5.6). Chromium in these samples varies between 8-
399 ppm (240 ppm in average) and 22-469 ppm (185 ppm in average) respectively (Table 5.6). 
In comparison, the sodic alkali olivine basalts from western Lut block contain lower 
concentrations of Ni and Cr (123 ppm and 183 ppm in average, respectively) and also the 
variations of Ni and Cr concentrations are less than the samples from central and eastern Lut 
block (Table 5.7). 
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Fig. 5.5. Binary plots of MgO versus CaO/Na2O, Ni and Cr; SiO2 versus Eu and MgO; CaO 
against Zr and Ba versus Rb. The symbols are the same as shown in previous Figure. 
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Table 5.6. Trace elements compositions of Neogene/Quaternary basaltic samples from central 
and eastern Lut block. 
Sample C31-2 C31-1 C23-2 C23-1 C22-5 C21 C12 C8 
Ni 36.0 39.0 171.0 193.0 162.0 361.0 355.0 105.0 
Cr 63.0 22.0 261.0 247.0 226.0 469.0 399.0 190.0 
V 236.0 289.0 174.0 165.0 158.0 225.0 203.0 194.0 
Cs 6.6 0.9 1.2 0.9 0.7 2.7 0.7 1.7 
Rb 163.0 81.0 50.0 47.0 54.0 84.0 37.0 27.0 
Ba 766.0 607.0 572.0 538.0 524.0 615.0 519.0 166.0 
Sr 1200.0 1118.0 924.0 898.0 761.0 508.0 902.0 452.0 
Nb 8.0 9.0 20.0 19.0 21.0 4.0 13.0 14.0 
Ta 2.5 0.6 2.1 2.0 1.5 0.4 1.4 1.0 
Zr 142.0 78.0 174.0 156.0 169.0 76.0 97.0 159.0 
Y 17.0 16.0 20.0 19.0 15.0 16.0 17.0 20.0 
Hf 3.6 1.8 3.7 3.4 3.3 1.8 2.3 3.3 
Th 13.3 6.8 7.0 6.3 5.1 3.4 5.2 2.4 
U 7.3 4.0 4.1 3.4 3.5 2.3 0.8 1.3 
Pb 17.4 9.3 5.0 4.2 9.1 7.5 6.0 3.8 
La 46.5 27.0 26.5 25.1 21.8 15.3 33.8 15.2 
Ce 84.8 52.6 51.0 47.2 42.7 31.2 63.6 33.1 
Pr 9.3 5.7 5.6 5.4 4.3 3.7 6.9 3.7 
Nd 37.5 23.9 23.1 22.4 17.0 15.8 27.4 16.3 
Sm 7.8 4.7 4.8 4.3 3.4 3.7 4.1 3.5 
Eu 2.0 1.5 1.6 1.4 1.1 1.1 1.2 1.3 
Gd 8.3 5.0 5.3 4.6 3.7 3.5 5.2 4.4 
Tb 0.76 0.57 0.68 0.6 0.43 0.45 0.53 0.57 
Yb 1.69 1.18 1.97 1.87 1.35 1.37 1.3 1.88 
Lu 0.22 0.15 0.29 0.29 0.16 0.19 0.15 0.26 
         Nb/U 1.2 2.1 4.9 5.5 6.1 1.9 15.7 10.5
Ce/Pb 4.9 5.7 10.2 11.2 4.7 4.1 10.7 8.8 
Ba/Zr 5.4 7.8 3.3 3.4 3.1 8.1 5.3 1.0 
Ba/La 16.5 22.5 21.6 21.5 24.0 40.0 15.4 10.9 
Ba/Nb 91.2 71.4 28.3 28.9 24.4 143.5 41.0 12.0 
Zr/Nb 16.9 9.1 8.6 8.4 7.9 17.8 7.7 11.6 
La/Nb 5.5 3.2 1.3 1.3 1.0 3.6 2.7 1.1 
Sr/Nb 150.0 124.2 46.2 47.3 36.2 127.0 69.4 32.3 
(La/Yb)N 18.1 15.1 8.9 8.9 10.6 7.4 17.1 5.3 
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Table 5.6. (Continued) 
Sample  C7 C6 C5 C4 C3 C2 D BS-2 
Ni 170.0 159.0 158.0 156.0 170.0 158.0 178.0 41.7 
Cr 227.0 216.0 219.0 211.0 224.0 177.0 281.0 8.4 
V 208.0 218.0 200.0 187.0 207.0 214.0 312.0 178.4 
Cs 0.8 0.6 0.8 1.2 0.7 0.3 1.3 1.0 
Rb 45.0 13.0 43.0 66.0 40.0 39.0 33.0 48.9 
Ba 297.0 275.0 322.0 322.0 304.0 405.0 343.0 236.8 
Sr 653.0 629.0 725.0 802.0 831.0 850.0 1175.0 361.6 
Nb 22.0 20.0 30.0 24.0 24.0 24.0 38.0 19.5 
Ta 1.7 1.3 4.9 1.2 1.3 1.5 5.4 1.4 
Zr 166.0 157.0 182.0 169.0 169.0 182.0 213.0 276.6 
Y 21.0 24.0 24.0 22.0 23.0 25.0 22.0 43.1 
Hf 3.4 3.2 4.6 3.3 3.3 3.5 4.0 6.3 
Th 3.7 3.5 6.4 5.2 4.8 5.0 3.3 9.7 
U 1.8 1.6 2.1 1.9 1.8 1.9 0.7 2.0 
Pb 4.0 4.6 4.2 4.1 4.6 2.6 4.9 16.8 
La 26.8 25.3 31.9 31.0 30.7 36.9 39.0 39.2 
Ce 52.8 50.1 61.5 58.5 59.6 73.5 106.0 84.0 
Pr 5.7 5.9 6.7 6.2 6.5 8.5 13.0 9.9 
Nd 24.5 24.2 31.2 28.0 27.6 37.4 48.0 42.5 
Sm 4.6 4.8 5.1 4.8 4.7 6.0 9.4 9.3 
Eu 1.5 1.5 1.9 1.7 1.7 2.0 2.3 2.7 
Gd 5.5 5.4 5.8 5.2 5.8 6.7 7.7 11.3 
Tb 0.64 0.75 0.79 0.61 0.71 0.78 0.96 1.46 
Yb 1.95 2.23 2.20 1.90 1.89 1.96 1.50 3.95 
Lu 0.26 0.29 0.32 0.23 0.27 0.24 0.31 0.62 
         
Nb/U 12.5 12.8 14.6 12.9 13.4 12.5 51.5 9.9 
Ce/Pb 13.0 11.0 14.7 14.4 12.9 28.0 21.8 5.0 
Ba/Zr 1.8 1.7 1.8 1.9 1.8 2.2 1.6 0.9 
Ba/La 11.1 10.9 10.1 10.4 9.9 11.0 8.8 6.0 
Ba/Nb 13.4 13.5 10.6 13.2 12.7 17.1 9.0 12.1 
Zr/Nb 7.5 7.7 6.0 6.9 7.1 7.7 5.6 14.2 
La/Nb 1.2 1.2 1.0 1.3 1.3 1.6 1.0 2.0 
Sr/Nb 29.7 31.5 24.2 33.4 34.6 35.4 30.9 18.6 
(La/Yb)N 9.1 7.5 9.6 10.8 10.7 12.4 17.2 6.6 
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Table 5.7. Trace elements compositions of Neogene/Quaternary basaltic samples from western 
Lut block. 
Sample S1-1 S1-3 S2-2 S2-3 S3-1 GM-1 GG-1 G128 
Ni 90.0 97.0 91.0 102.0 111.0 169.0 173.0 152.0 
Cr 131.0 112.0 153.0 200.0 232.0 207.0 217.0 215.0 
V 165.0 157.0 139.0 142.0 176.0 217.0 225.0 215.0 
Cs 0.5 0.6 0.5 0.3 0.6 0.6 0.9 0.8 
Rb 29.0 35.0 26.0 21.0 26.0 49.0 48.0 45.0 
Ba 335.0 455.0 259.0 219.0 217.0 466.0 534.0 539.0 
Sr 582.0 646.0 366.0 647.0 435.0 904.0 1122.0 1996.0 
Nb 37.0 34.0 21.0 26.0 21.0 74.0 80.0 76.0 
Ta 6.6 2.6 4.8 10.6 2.4 4.1 5.9 4.5 
Zr 208.0 218.0 169.0 147.0 129.0 216.0 220.0 217.0 
Y 20.0 20.0 17.0 20.0 13.0 21.0 23.0 22.0 
Hf 5.1 5.2 4.4 3.9 3.5 5.4 4.9 5.0 
Th 1.6 1.5 2.1 1.9 1.2 4.8 6.2 5.5 
U 0.6 0.5 0.4 0.6 0.4 0.6 1.8 1.6 
Pb 1.9 2.9 2.2 2.1 2.0 DL DL DL 
La 20.6 22.1 13.7 12.9 12.7 39.6 50.4 44.3 
Ce 49.8 48.1 29.2 30.4 27.9 77.9 97.4 85.7 
Pr 5.8 5.1 3.2 4.0 3.0 9.0 10.7 9.4 
Nd 26.2 26.3 17.1 17.0 13.1 38.5 43.1 40.2 
Sm 6.7 6.3 4.2 4.8 3.3 7.6 8.4 8.1 
Eu 2.2 2.3 1.6 1.5 1.3 2.3 2.6 2.3 
Gd 7.0 7.1 5.4 5.7 4.2 8.3 9.4 8.8 
Tb 1.00 0.90 0.70 0.80 0.60 0.90 1.00 1.00 
Yb 1.40 1.30 1.40 1.40 1.20 1.50 1.60 1.50 
Lu 0.21 0.20 0.20 0.18 0.22 0.20 0.20 0.20 
         
Nb/U 61.7 68.0 52.5 43.3 52.5 123.3 44.4 47.5 
Ce/Pb 26.2 16.6 13.3 14.5 14.0 
   
Ba/Zr 1.6 2.1 1.5 1.5 1.7 2.2 2.4 2.5 
Ba/La 16.3 20.6 18.9 17.0 17.1 11.8 10.6 12.2 
Ba/Nb 9.1 13.4 12.3 8.4 10.3 6.3 6.7 7.1 
Zr/Nb 5.6 6.4 7.9 5.7 6.2 2.9 2.8 2.9 
La/Nb 0.6 0.6 0.6 0.5 0.6 0.5 0.6 0.6 
Sr/ Nb 15.7 19.0 17.4 24.9 20.7 12.2 14.0 26.3 
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Table 5.8. Tracer elements compositions of Neogene andesites/dacites samples from central and 
eastern Lut block.  
Sample No. C30-1 C28 C25 C20-1 C13 C11 C10 BS-1 
Ni 48.4 145.8 25.9 248.7 30.2 43.2 86.2 39.5 
Cr 82.7 255.4 15.0 286.0 5.0 18.8 113.6 35.3 
V 227.1 169.1 209.0 166.2 135.7 73.5 120.3 180.9 
Cs 1.0 2.5 69.8 2.8 5.9 11.7 1.2 2.4 
Rb 81.8 52.5 59.5 100.2 99.8 132.8 31.7 109.2 
Ba 737.4 651.1 603.1 747.2 481.7 371.7 278.3 520.9 
Sr 1293.7 663.1 613.5 812.9 632.8 286.4 460.8 386.5 
Nb 10.2 7.3 7.2 20.5 18.6 16.9 9.9 22.0 
Ta 1.2 4.4 1.2 1.5 1.6 3.9 1.9 1.8 
Zr 90.2 106.6 134.2 146.3 227.4 331.6 223.0 178.8 
Y 14.0 11.3 17.9 16.6 24.2 29.4 20.5 31.4 
Hf 2.2 4.2 3.7 3.1 4.6 7.7 4.4 4.8 
Th 7.4 7.3 17.6 8.3 13.6 15.4 7.0 13.9 
U 4.4 3.2 11.0 3.5 5.6 2.6 3.1 2.7 
Pb 13.2 15.7 16.5 9.1 15.1 17.9 7.6 11.6 
La 24.7 21.3 23.4 32.5 35.7 37.3 24.7 49.6 
Ce 46.9 40.2 44.8 61.2 68.8 75.6 45.4 92.9 
Pr 5.0 4.5 5.1 6.3 7.2 7.7 4.9 10.0 
Nd 19.3 18.5 20.2 27.1 28.5 28.8 19.5 43.2 
Sm 4.0 3.9 4.4 4.3 5.3 6.0 4.1 7.9 
Eu 1.3 1.1 1.2 1.5 1.5 1.2 1.1 1.8 
Gd 4.2 4.1 5.1 4.7 6.2 7.0 4.9 9.7 
Tb 0.45 0.41 0.57 0.52 0.70 0.83 0.61 1.14 
Yb 1.08 1.25 1.96 1.39 1.96 2.77 2.21 3.18 
Lu 0.12 0.15 0.26 0.18 0.28 0.37 0.32 0.42 
 
        Nb/U 2.3 2.3 0.7 5.8 3.3 6.4 3.2 8.2
Ce/Pb 3.6 2.6 2.7 6.8 4.6 4.2 6.0 8.0 
Ba/Zr 8.2 6.1 4.5 5.1 2.1 1.1 1.2 2.9 
Ba/La 29.9 30.6 25.8 23.0 13.5 10.0 11.3 10.5 
Ba/Nb 72.1 89.4 83.6 36.4 25.9 22.0 28.1 23.7 
Zr/Nb 8.8 14.6 18.6 7.1 12.2 19.6 22.5 8.1 
La/Nb 2.4 2.9 3.2 1.6 1.9 2.2 2.5 2.3 
Sr/Nb 126.5 91.1 85.1 39.6 34.0 17.0 46.5 17.6 
(La/Yb)N 15.1 11.3 7.9 15.5 12.0 8.9 7.4 10.3 
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Chromium and nickel both indicate positive correlation with MgO (Fig. 5.5). There is a 
negative correlation between Eu and SiO2 and positive correlation between Rb and Ba and also 
relatively positive correlation between CaO and Zr in basaltic samples (Fig. 5.5). A weak 
negative Eu anomaly in normalized REE andesite/dacite samples (Fig. 5.6) and also decreasing 
concentrations of CaO versus Zr indicate plagioclase fractionations are dominate in andesite/ 
dacite samples (Fig. 5.5).  
Chondrite-normalized values of trace-element abundances for central and eastern Lut 
Neogene/Quaternary basaltic and andesitic samples are presented in Figures 5.6. These samples 
are enriched in LREE relative to HREE and the values of (La/Yb)N vary from 7.4–18.1 for low-
Ti potassic basalts, similar to those from Sierra Nevada (Farmer et al., 2002), and from 5.3- 17.2 
for low-Ti sodic basalts (Tables 5.6-5.8). These values vary from 6 to 21 for high-Ti sodic 
basalts from the western part of the Lut block (Table 5.7). Depletions in Nb relatively to LILE 
(Ba, Sr) and other characteristics, such as low TiO2, high Ba/La and Ba/Nb ratios (Tables 5.6-
5.8, Fig. 5.6) for Neogene/Quaternary basalts and andesitic samples from the central and eastern 
Lut block (Fig. 5.6) suggest affinities, at least for some of these samples, with other convergent 
plate boundary arc magmas around the world. Whereas the low La/Nb and Ba/Nb ratios and 
normalized trace element patterns for Quaternary and Neogene alkali basalts from the western 
Lut are similar to oceanic island basalts (OIB) (Fig. 5.6).  
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Fig. 5.6. Chondrite normalized multi-element spider diagram for basalts and andesites from the 
central part and also basalt from western Lut block and Makran arc basalts. For comparison, 
post-collision diorite and quartz diorite (kuh Panj), Low-Ti potassic basalt (Sierra Nevada; 
Farmer, 2002), average OIB and MORB are added to this diagram. References for normalize 
values and other data as the same documented above. 
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5.3.4 Radiogenic isotopes 
Sr–Nd–Pb isotopic ratios for the Neogene/ Quaternary basalts and andesitic basalts from 
the center and eastern part of the Lut block are given in Table 5.9. Their isotopic characteristics 
are compared with the other Neogene/Quaternary basalts from the western Lut block in the same 
table. Based on available data, 
87
Sr/
86
Sr ratios for the pre Neogene magmatism within the Lut 
block are presented in Table 5.2. 
The 
87
Sr/
86
Sr ratios for selected samples range from 0.703827 to 0.705063 
and
143
Nd/
144
Nd ratios range from 0.512681 to 0.512871 (Table 5.9, Fig. 5.7). The Pb isotopic 
composition of these samples plots above the Northern Hemispheric Reference Line (NHRL), 
and range from 38.449 to 38.870, 15.553 to 15.680 and 18.500 to 18.798 for 
208
/
204
Pb, 
207
/
204
Pb 
and 
206
/
204
Pb respectively (Table 5.9, Fig. 5.7). The variations in the 
87
Sr/
86
Sr, 
143
Nd/
144
Nd and 
206
/
204
Pb ratios of the samples from this study and also Neogene/Quaternary basalts and andesitic 
basalt from the western part of the Lut block are plotted on the three-dimensional diagram (Fig. 
5.8). These data compared with the mantle tetrahedron of Hart et al. (1992) and with the field of 
the mantle components EM1, EM2, and HIMU presented by Workman et al. (Workman et al., 
2004) in the same figure. 
5.4 Discussion 
We discuss first the genesis of the Neogene/Quaternasry alkali olivine basalts, the 
regional geochemical variations among these basalts, and finally their genesis in the context of 
the temporal evolution of magmatism in the Lut bock as outlined in the introduction (Figs. 5.1 
and 5.2). 
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Table 5.9. Sr, Nd, and Pb isotopic composition of Eastern Iran Neogene/ Quaternary basalts.  
NNF: north of Nayband fault, MNF: middle of the Nayband fault. 
Sample No. Rock type 
87/86
Sr 
143/144
Nd 
208/204
Pb 
207/204 
Pb 
206/204
Pb 
Central and Eastern Lut block (This chapter) 
   
D Hawaiite 0.705063 0.512732 38.702 15.558 18.629 
C-8 Basalt 0.703827 0.512871 38.449 15.553 18.500 
C-12 Hawaiite 0.704647 0.512765 38.837 15.560 18.798 
C-21 Basalt 0.705056 0.512692 38.870 15.568 18.790 
C-28 Andesite 0.704891 0.512681 38.714 15.560 18.674 
       
Western Lut block 
     
(Saadat et al., 2010) 
      
S2-3 (NNF) Basalt 0.705555 0.512728 38.409 15.556 18.470 
S3-1(NNF) Hawaiite 0.705312 0.512686 38.589 15.581 18.564 
Gg-1 (MNF) Hawaiite 0.704505 0.512730 38.972 15.596 18.975 
GM-1 (MNF) Hawaiite 0.704590 0.512709 38.753 15.583 18.755 
(Hashemi et al., 2008) 
      
A-29 (NNF) Andesitic basalt 0.705774 0.512707 
   
D-23(NNF) Basalt 0.705298 0.512686 
   
D-16(NNF) Andesitic basalt 0.705777 0.512709 
   
D-21(NNF) Basalt 0.705291 0.512688 
   
(Jung et al., 1984) 
      
Lut 62 Basalt 0.704770 
    
Lut 63 Basalt 0.705500 
  
         
Southern Lut block (chapter 2) 
    
B-21 Basalt 0.705129 0.512689 38.457 15.568 18.522 
B-22 Basalt 0.704765 0.512805 38.392 15.557 18.561 
B-14 Basalt 0.704349 0.512801 38.223 15.525 18.389 
B-13 Basalt 0.704177 0.512830 38.355 15.541 18.451 
Kh-1 Basalt 0.705139 0.512732 38.665 15.612 18.639 
         
Northeastern Iran (chapter 3) 
      
N1 Mugearite 0.705250 0.512738 38.435 15.535 18.520 
N3 Hawaiite 0.705013 0.512735 38.134 15.526 18.353 
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Fig. 5.7.  
87
Sr/
86
Sr 
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Lut block samples 
with the other alkali 
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(Pearce et al., 1990) 
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Fig. 5.8. Three-dimensional diagram for 
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Sr/
86
Sr, 
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Nd/
144
Nd and 
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/
204
Pb ratios. Mantle 
tetrahedron of Hart et al. (1992).  
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5.4.1 Crustal contamination 
Based on the K/P and Ti/Yb versus 
87
Sr/
86
Sr ratio and Ce versus Ce/Pb ratio at least part 
of the central and eastern Lut block basaltic samples may have been affected by varying extents 
of crustal assimilation during ascent to the surface (Fig. 5.9). As pointed by Thompson et al. 
(1983), the K/P ratio is also a good indicator of silicic contamination, since K is enriched and P 
is depleted in typical upper crust. This ratio is clearly high for potassic basalts (e.g., 8.2, 11.7, 
and 10.1 for samples C31-2, C31-1 and C21 respectively), but relatively low for sodic basalts 
ranging from 2.7 to 8.2 (Fig. 5.9). The strong positive relation in a plot of K/P ratio against 
87
Sr/
86
Sr ratio (except for sample named D) suggests the excess radiogenic 
87
Sr could be related 
to the assimilation of crust (Fig. 5.9). The role of crustal contamination can also be tested by at 
Ti/Yb ratios in conjunction with radiogenic isotope ratios (Carlson and Hart, 1987; Leeman and 
Hawkesworth, 1986; Van Calsteren et al., 1986). As pointed out by Leeman and Hawkesworth 
(1986), high Ti/Yb ratio strongly suggests that contribution from crustal material were minimal 
but low Ti/Yb does not necessarily prove that crustal contamination took place. 
The low K/P (<3) and high Ti/Yb (>10000) of sample from eastern part of the Lut block 
(Fig. 5.1 and Fig. 5.9) indicate minimal or no crustal contamination, whereas samples from the 
middle part of the Lut block display higher values of K/P and  lower values of Ti/Yb, suggesting 
variable degree of interaction with lower crust (Fig. 5.9). In addition, Ce/Pb ratio of these 
samples varies between 2.5 and 28 (Fig. 5.9), indicating most of them are similar to those basalts 
derived from OIB-like sources unaffected by crustal contamination (Ce/Pb~25± 5; e.g., Hofmann 
et al., 1986; Sims & DePaolo, 1997) but part of them are affected by low degrees of lower crustal 
contamination (Fig. 5.9). 
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Fig. 5.9. (A) Relationships between Sr isotopic composition and the ratios of K/P and Ti/Yb 
which are sensitive to crustal contamination (see text for discussion). Fields for common mantle, 
upper and lower crust from Hart et al. (1988) and references therein. (B) Ce/ Pb versus 
concentration of Ce. Refreces for different fields are similar to Fig. 2.9.  
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5.4.2 Fractional crystallization 
These samples show positive correlation between CaO/Na2O versus MgO, whereas SiO2 
contents show negative correlations with MgO that is interpreted as fractionation of 
clinopyroxene and olivine from this magma (Fig. 5.5). The compatible trace elements Ni and Cr 
support this observation that this magma experienced some crystal fractionation. Relatively 
strong positive correlation of nickel with MgO is interpreted as the presence of olivine in the 
fractionating assemblage (Fig. 5.5). The positive correlation of chromium with MgO could be 
related to crystallization of clinopyroxene and/or a Cr-rich spinel phase.  
Negative correlation between Eu and SiO2 and positive correlation between Rb and Ba 
perhaps suggest that fractionally crystallization also involve plagioclase (Fig. 5.5). A weak 
negative Eu anomaly in normalized REE andesite/dacite samples (Fig. 5.6) and also decreasing 
concentrations of CaO versus Zr indicate plagioclase fractionations are dominate in andesite/ 
dacite samples (Fig. 5.5). Whereas, the absent of negative Eu anomaly in normalized REE 
pattern and also relatively positive correlation between CaO and Zr in basaltic samples (Fig. 5.5),         
it seems plagioclase fractionation is not dominate in basaltic samples.  
5.4.3 Partial melting 
Trace-element composition of alkali basalts from the central Lut, typically indicate that 
their parental magma were produced by generally low, but variable, degrees of partial melting. 
(La/Yb)N values for basaltic samples of central Lut block varies from 5.3 to 18.1 and changes 
between 6.1 and 20.8 for samples from western Lut block (Table 5.6). The (La/Yb)N ratio in lava 
significantly increases from north to the south along the western and eastern margin of the Lut 
block, where the lavas being younger, indicating of decreasing  of partial melting of parental 
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magma to the south. But it is hard to find any trend in samples from the central Lut.  As pointed 
by Pankhurst (1977), Ba/Zr can be used to access the degree of partial melting because the ratio 
of this type of elements (highly/moderately incompatible elements) decreases with increasing 
degree of partial melting processes. There is a relatively linear positive trend between Ba/Zr ratio 
and the concentrations of Ba in these alkali basalts (Fig. 5.10). The potassic alkali basalts show 
higher value of Ba/Zr ratio (~5-8) than the other samples (~1-5) (Table 5.8, Fig. 5.10). The other 
useful element ratio is the plot of LREE/HREE versus MREE/HREE ratios, e.g. La/Yb versus 
Yb. These ratios are useful as distinguish between melting the spinel and garnet fields (Baker et 
al., 1997; Thirlwall et al., 1994). There is very small change in La/Yb ratio in spinel-facies 
melting and melt fraction process compared with their mantle source (Fig. 5.10). In contrast, 
there are large changes in Yb with melt fraction in the garnet-facies (Baker et al., 1997). Based 
on the La/Yb versus Yb of alkali basalts from the central and western Lut block and the melt 
modeling presented in Figure 5.10, neither the variables degree of partial melting of a spinel 
lherzolite nor the variables degree of partial melting of garnet lherzolite solely can generate the 
observed variation in La/Yb ratio with changing Yb (Fig. 5.10). 
It seems the simplest model to document for the REE composition of these alkali basalts 
involves mixing of small melt fraction from garnet-facies mantle with relatively larger melt 
fractions from spinel-facies mantle (Fig. 5.10), this model is similar to that proposed by Baker et 
al. (1997) in which the Quaternary intraplate volcanic rocks from Sana‟a, western Yemen result 
from mixing of melts from both spinel and garnet lherzolite facies.  
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Fig. 5.10. Variation of Yb versus La/Yb for the central lut block samples. Factional melting 
curves for spinel and garnet lherzolite are taken from Baker et al. (Baker et al., 1997) and 
references therein.   
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5.4.4 Regional geochemical variation 
There is significant variation in lava chemistry between samples from the central Lut and 
those from western and eastern margins of the Lut block (Tables 5.6-5.8). Volcanic units of the 
central Lut follow both calc-alkaline and alkaline trend on alkali versus SiO2 diagram (Fig. 5.4) 
and on the K2O versus Na2O diagram plot in the Na-Series, K-series and high K-series fields 
(Fig. 5.4). MgO versus TiO2 diagram indicates that samples from central Lut generally plot on 
the low-Ti field, whereas the Quaternary and Neogene basalts from the western (Saadat et al., 
2010) and eastern (Walker et al., 2009) Lut block have higher Ti content (Fig. 5.4), belong to 
Na-series and display an intraplate alkaline characteristics derived from relatively primitive 
mantle. 
Mafic volcanic rocks erupted along western and eastern margin of the Lut block are very 
similar in trace element abundance patterns to the average composition of oceanic island basalt 
(OIB, Fig. 5.6). In contrast, depletions in Nb relatively to LILE (Ba, Sr) and other characteristics, 
such as low TiO2, high Ba/Nb and La/Nb ratios (Tables 5.6-5.8) for basalts and andesitic samples 
from the central Lut block suggest affinities, at least for some of these samples, with other 
convergent plate boundary arc magmas around the world. Calc-alkaline volcanic units on central 
Lut display chondrite-normalized patterns relatively similar to the Makran continental arc 
volcanic, located in southern Lut block and also andesitic/ dacite samples indicate chondrite-
normalized patterns very similar very to the post- collision diorite and quartz diorite rocks from 
south west of this area along the Urommieh –Dokhtar magmatic arc (Fig. 5.6). They are possibly 
derived from an enriched mantle source containing a distinct subduction signature. Large ion 
lithophile element/high field strength element (LILE/HFSE) such as Sr/Nb ratio has been found 
to be useful in showing the addition and variation of subduction related components (Farmer and 
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Fornash, 2009). As shown in Figure 5.11, Sr/Nb ratio for basalt and andesite samples from 
central Lut block vary with latitude, with maximum 150 in high latitude to around 18 in low 
latitude (Fig. 5.11). This ratio also varies with longitude, with maximum Sr/Nb ratios ~150 to the 
west and ~30 to the east (Fig. 5.11). A combination of both latitude and longitude maybe is 
better for showing variation in Sr/Nb in central Lut block volcanic rocks (Figs. 5.11 and 5.12). In 
general, samples which are located in NW-SE direction in high latitude indicate lower values 
(16-70) of this ratio than those are located almost in same direction, but in lower latitude. Except 
for samples from one locality (23-1, 23-2 and 22-5), NW-SE trend in lower latitude indicate high 
values of Sr/Nb ratios ranging from 85 to 150. The same trend occurs for Ba/ Nb and La/ Nb as 
well (Figs. 5.11 and 5.12). We interpret these LILE/HFSE variations as an indication that 
subduction signature increases to the south-southwest of the central Lut block. These ratios for 
alkaline olivine basalt erupted along the western margin of the Lut block are low and relatively 
constant (Saadat et al., 2010). 
As shown in figure 5.13, there is no significant change neither with longitude nor latitude 
in Mg# of these samples. Values of Mg# for the most analyzed samples (Fig. 5.13) are within the 
field for primary mantle melts as defined in the BVSP (Basaltic Volcanism Study Project, 1981). 
The slightly changes might be related to the depth that magma derived from or olivine 
fractionation (?). Overall the highest value of Mg# found at samples from center Lut block and 
decreases slightly toward the margins (90-91 and 79-85 respectively, Fig.5.12). Figure 5.13 also 
shows isotopic data along the same line of section. These kinds of diagrams were used before by 
Edwards and Russell (2000) for showing the origin of young magmatism in the northern 
Cordilleran volcanic province.  
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Fig. 5.11. Variation of Sr/ Nb ratio versus latitude and longitude. 
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Fig. 5.12. Variation of Sr/ Nb, Ba/ Nb and La/ Nb ratios within the central-north Lut block. 
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Fig. 5.13. Variation of Mg#, 
87
Sr/
86Sr ratio, εNd and 
206
Pb/
204
Pb versus latitude and longitude. 
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Values of 
87
Sr/
86
Sr vary from as high as 0.70555 at northern Nayband fault (NNF, 
western Lut) to values <0.70383 at near the eastern part of the Lut block (Fig. 5.13).  Except the 
sample with lowest 
87
Sr/
86
Sr ratio, the other samples have a limited variation from 0.70555 to 
0.704505 and they don‟t show significant trend along east-west direction (Fig. 5.13). But, if we 
separate the sample with lowest 
87
Sr/
86
Sr ratio, it seems there is a very slightly increasing in this 
ratio from south to the north (Fig. 5.13). This relatively excess radiogenic 
87
Sr toward the north 
is also consistent with the previous data presented for 
87
Sr/
86
Sr ratios in Table 5.9.  
Values of εNd for volcanic rocks from this area are as high as +4.5 for sample with lowest 
87
Sr/
86
Sr ratio in northeast and as low as around +1 in the NNF samples and the other sample 
from the south of the study area, but there is no logical variation with longitude (Fig. 5.13). The 
generally, samples with higher εNd have higher P2O5/K2O ratio too (see for example C8, C12 and 
C28) maybe indicating the influence of a sublithospheric mantle addition (Bailley, 2010).  
Central, western and eastern volcanic samples from the Lut block show an increase in 
206
Pb/
204
Pb ratio from 18.5 at high latitude to ~19 at low latitude but, these variations are not 
significant along the east-west direction (Fig. 5.13). 
5.4.5 Evaluation of possible origin 
As documented above, the maximum volcanic activities within the Lut block took placed 
during the Eocene time. This time is consistent with the most extensive and intense volcanic 
activity in the central and the other volcanic provinces of Iran (e. g., Berberian and King, 1981; 
Stöcklin J., 1972). Different processes have been suggested for extensive Eocene volcanic 
activity of central Iran such as melting of sialic crustal material during rifting (e. g., 1975), 
changes in northeast-dipping subduction angle along the Zagros suture zone subduction (e. g., 
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Shahabpour, 2007), changes in subduction rate (e. g., Kazmin et al., 1986), and crustal thinning 
associated with extension (Verdel, 2009). As pointed by Berberian and King (1981) the 
composition of the volcanic rocks, which include basaltic members as well, does not suggest that 
this volcanism related only to the melting or mobilization of sialic crustal material during a 
rifting process. Kazmin et al. (1986) proposed that the increased subduction rate would add a 
larger supply of hydrous fluids to the subduction zone, probably leading to an increase in 
volcanic activity. The plate reconstructions presented by McQuarrie et al. (2003) show that the 
rate and obliquity of convergence between Arabia and Eurasia was nearly constant from ~56 Ma 
to 20 Ma, suggesting that the variation of volcanic pulse was not coincident with a change in 
subduction rate. Longer-term reconstructions by Savostin et al.(1986) imply that the convergence 
rate was about 0.7 cm/yr faster during the Eocene than in the Paleocene, lending some support 
that increase in volcanic activity was caused by increased subduction rate. However, considering 
that many arcs form in settings where convergence rates are ~10 cm/yr (DeMets et al., 1994), it 
would seem unlikely that an increase of less than 1 cm/yr would generate a sudden magmatic 
pulse of the magnitude seen in Iran (Verdel, 2009). Shahabpour (2007) proposed that various 
changes in subduction angle, moderate dip during Eocene (tensional tectonic regime) to shallow 
dip during the Oligoceen (compressional tectonic regime), could account for the spatial pattern 
of magmatism within the central Iran. According to Verdel (2009), this explanation is 
inconsistent with the evidence for submarine deposition of the Eocene volcanic and sedimentary 
strata and the existence of Eocene metamorphic core complexes, which suggest a syn-volcanic 
period of extension and subsidence. He believes that flat-slab subduction may have occurred 
during the Cretaceous and suggests that trace element compositions of Eocene lavas in central 
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Iran are related to decompression but derived from a metasomatized source, indistinguishable 
from volcanism in other arcs where flux melting predominates. 
The above explanations for the Eocene volcanic activities are mainly focused on the 
central Iran. However, few publications are available related to the geochemical studies of 
volcanism in the Lut block, eastern Iran, in which the most Tertiary volcanic activities took 
place(Ghorbani, 1997; Jung et al., 1984; Vosughi Abedini, 1997).  These earlier studies did not 
clearly address the problem of why and how relatively huge volumes of magmas, which have 
mainly subduction signature, were generated beneath the region. To the west of the Lut block, 
along the Shotory Range or within the Tabas block, there is no evidence of ophiolites or 
associated sediments. The ophiolitic rocks located on the north of the Lut block are probably 
resulted from a steeply northward dipping subduction (e. g., Spies et al., 1983) and they are not 
related to the volcanism within the Lut block. A subduction from the south is also responsible for 
volcanic arc along the Bazman, Taftan (southeastern Iran) and Kuh-e-Sultan (northwestern 
Pakistan) volcanoes forming the Makran arc (e. g., Saadat et al., 2008). The other possible source 
comes from the eastern margin of the Lut block, where the large ophiolite and melange bodies 
are exposed and known as remnants of Cretaceous Sistan Ocean (Camp and Griffis, 1982; 
Saccani et al., 2010; Tirrul et al., 1983). This narrow ocean which separated the Lut block from 
Afghan block closed by middle Eocene (Camp and Griffis, 1982) or during the Late Paleocene–
Eocene (Bagheri and Stampfli, 2008). Dercourt et al. (Dercourt et al., 1986), Karimpour et al. 
(Karimpour et al., 2005), Kazmin et al. (1986) concludes that volcanism within the Lut block 
most likely was a result of the westward subduction of the Sistan Ocean. In contrast, many 
authors such as Tirrul et al. (1983), Berberian et al. (1999) and Fotohi Rad (2005), based on the 
polarity of the accretionary prism fore arc basin, the structural vergence, the younging of the 
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accretionary prism towards the SW, and the position of relatively high P/T metamorphic rocks 
on the inner side of the prism, suggest a northeast dipping subduction system.  
However, the geochemical data presented in this study doesn‟t show any reasonable 
pattern to confirm the calk- alkaline affinity of the volcanic rocks within the central Lut block 
resulted from the subduction of oceanic crust from the east. In contrast, LILE/HFSE variations as 
an indication of subduction signature, if there is, increases to the south-southwest of the central 
Lut block (Fig. 5.12), where Neotethyan oceanic crust was subducted beneath Iran from 
approximately Late Triassic (e. g., Berberian and King, 1981) to Late Oligocene time (e. g., 
Fakhari et al., 2008).  If this simplistic approach is applicable, a low sub-horizontal angle of 
subduction is needed to produce magmatism some 800 km inboard of the convergent plate 
margin which was active at that time along the south western margin of central and eastern Iran. 
As an explanation for this discrepancy, we agree with Verdel (2009) who suggested the mantle 
source of the Eocene-Oligocene volcanism was metasomatized by slab-derived fluids over the 
course of ~150 million year, from the time of subduction initiation in the late Triassic until the 
late Eocene-early Oligocene. Convergence rate around 3 cm/yr during this period (Savostin et 
al., 1986), would have limited the volume of fluids released to the mantle wedge over any given 
period of time, but this supply of fluids was sufficient to partially hydrate and alter the trace 
element composition of the mantle wedge (Verdel, 2009). During Late Eocene- Oligocene, the 
time of collision, the Lut block underwent uplift (major Lut uplift) and no Oligecene- Miocene 
sediment were apparently deposited (Berberian and Soheili, 1973). Since collision occurred, the 
rates of convergence between the two plates, slowed by ~35% presumably because the thick 
continental crust made the subducting plates more buoyant than when only oceanic lithosphere 
was consumed (Hatzfeld and Molnar, 2010). A decrease in the rate of Arabia-Eurasia 
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convergence allowed the shallow slab to return to normal angle subduction (Fig. 5.14) and these 
processes can be linked to the mechanical removal of a portion of the mantle lithosphere, 
accompanied by passive upwelling of normal-temperature asthenospheric mantle into direct 
contact with portions of the mantle that had been hydrated, providing the heat to generate mid to 
late Paleogene magmatism in this area (a described by Ballmer et al., 2009). More support comes 
from the potassic basaltic samples within the Lut block that could derive from such 
metasomatized mantle. In the Tibetan Plateau, as well as Sierra Nevada of the western United 
States (Farmer et al., 2002), several authors have suggested that Cenozoic potassic magmatism is 
derived from hydrated mantle was apparently heated and melted as a result of the removal of the 
originally underlying lithospheric mantle via convective erosion by the asthenosphere, or 
„„delamination,‟‟ shortly after collision of India and Asia.  
More support for lithospheric structure in this area comes from the tomographic imaging 
of the uppermost mantle velocity in the Iranian plateau. As documented by Hatzfeld and Molnar 
(2010), P and S wave tomography conducted on a regional scale call for lower P and/or S-wave 
speeds in the uppermost mantle beneath the central and eastern Iran and Turkey, than beneath the 
Zagros and adjacent Arabian platform. Low speeds and high attenuation are usually interpreted 
as implying relatively high temperatures. Moreover, the contrast between these regions is 
commonly revealed to be sharp, with high wave speeds beneath the Zagros and lower speeds 
beneath the region to the northeast (e. g., Al-Lazki et al., 2004; Hatzfeld and Molnar, 2010; 
Kaviani et al., 2007; Paul et al., 2010). Thus, a low-speed waves suggests that today it is 
relatively hot and would be the case if mantle lithosphere is thin or absent, and most likely has 
been removed since the collision (Hatzfeld and Molnar, 2010). 
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Fig. 5.14. Diagram summarizing development of the Late Creteceous/ Late Eocene flat slab 
subduction stage, Late-Eocene/Early Miocene extentional flare-up stage and subsequent OIB-
type Neogene/ Quaternary magmatism. Abbreviations: UD-Urumieh-Dokhtar magmatic arc, CL- 
Central Lut, WL- Western Lut, EL- Eastern Lut. 
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The last stage of volcanic activities (Neogene/Quaternary) including the alkali olivine 
basalts erupted mainly along the major faults. These low-volumes, low-degree melts have been 
formed by variable (low) degrees of partial melting of EM-type mantle source (Saadat et al., 
2010) and was produced by upwelling asthenosphere replaced the thinned lithospheric mantle 
(Fig. 5.14). Deep strike-slip faulting might have played an important role in focusing these low 
volume mafic magmas, by generating localized extension and pull-apart basins (e. g., Keskin, 
2005). 
In summary, Neogene mafic rocks within the central Lut block represent the last 
manifestation of a much more extensive mid-Tertiary magmatic event. These basalts formed 
from both OIB-like asthenosphere and subcontinental lithosphere which preserved chemical 
characteristics inherited from mid-Tertiary subduction associated with the collision of the 
Arabian with the Eurasian plate and closing of the Neotethys oceans which bounded the Lut 
block.  
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CHAPTER VI 
Summary and recommendations 
6.1 Summary 
Below I summarize the main results and conclusions of this dissertation research: 
I. Basalts associated with small monogenetic parasitic cones around the Bazman 
stratovolcano, southern Lut block, resulted from subduction of Oman Sea oceanic lithosphere 
below the southeastern Iran along the Makran arc. A genetic relation between subduction and 
volcanism is confirmed by geochemical studies indicating that generation of Makran magmas is 
initiated by dehydration and/or melting of subducting oceanic lithosphere and interaction of these 
slab-derived fluids/melts with the overlying mantle wedge. Regional geochemical variations 
from west-to-east along the Makran arc, from Bazman and Taftan volcanoes in southeastern Iran 
and koh-e-Sultan in Pakistan,  indicate increasing K2O, LILE, LREE, La/Yb and Ba/La, resulting 
from along strike differences in the composition and extent of input of slab-derived fluids below 
the arc and decreasing degree of subarc mantle melting to the east. Ce/Pb and P2O5/K2O ratios 
also suggest that the samples from Taftan and Koh-e-Sultan might be more affected by upper 
crust during ascent to the surface compared to the basaltic samples from small cones around 
Bazman volcano. 
II. The chemical characteristics of an isolated outcrop of Neogene/Quaternary alkali 
olivine basalt, northest of the Lut block, show that it belongs to the within-plate basalt group, 
consistent with magma generation in an extensional tectonic regime. The nature of these rocks, 
combined with the regional geological context and the overall tectonic framework, suggest that 
volcanism may have rose to the surface along localized pathways associated with extension at 
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the junction between the N-S right-lateral strike-slip faults and E-W left-lateral strike slip faults. 
Trace elements and isotopic composition of these basalts are interpreted as indicating the 
participation of both asthenosphere and the continental mantle lithosphere in their generation, 
and they formed by mixing of small melt fractions from both garnet and spinel-facies mantle. 
The plagioclase megacrysts within the northeastern Iran alkali olivine basalts are considered as 
cognate phenocrysts. Crustal xenoliths are granular meta-gabbros. The spinel-peridotite mantle 
xenoliths contained in the basalts, which equilibrated in the subcontinental lithosphere at depths 
of 30 to 60 km and temperatures of 965 to 1065°C, represent the mantle beneath the Paleo-
Tethys Ocean in this area. These xenoliths do not preserve evidence of extensive metasomatic 
enrichment as has been inferred for the mantle below the Damavand volcano further to the west 
in north-central Iran. 
III. Basalts and andesites from the central part of the Lut block formed from both 
asthenosphere and subcontinental lithosphere which preserved chemical characteristics inherited 
from earliar subduction. They are the last events in an extensive mid-Tertiary magmatic event. 
They may have formed by remelting of previously subduction-modified arc like lithosphere, 
triggered by post-subduction lithospheric extension, or mantle lithosphere delamination. Based 
on the LILE/HFSE variations, we interpret that subduction signature increases to the south-
southwest of the central Lut block, where Neotethyan oceanic crust was subducted beneath Iran 
from approximately Late Triassic to Late Oligocene time. Neogene/Quternary alkali olivine 
basalts erupted mainly along the major faults that bound the Lut block on the east and west. 
These low-volumes, low-degree melts have been formed by low variable degrees of partial 
melting of EM-type mantle source produced by upwelling asthenosphere replaced the thinned 
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lithospheric mantle. Deep strike-slip faulting might have played an important role in generating 
these low volume mafic alkali magmas, by generating localized extension and pull-apart basins. 
6.2 Further work 
Recommendations for expanding the results of my dissertation research include: 
I. Volcanic provinces within the Lut block have not yet been dated in sufficient detail to 
recognize a distinct temporal pattern. Thus, the temporal patterns emerging for central Lut 
volcanism must be treated carefully and much more high quality age determination is needed to 
improve our knowledge in this case. 
II. Space-time compositional variations in igneous rocks from the Lut block are still 
poorly understood. This thesis concentrated on basalts, not andesites and dacites, and there is not 
enough data for more fractionated samples with complete chemical analyses and relatively high 
quality age determinations.  
III. In this broad regional study, I have attempted to describe the petrogenesis of young 
basaltic rocks and characterize their mantle source region based on a few samples each from 
widely separated localities along the margins and within the Lut block. These results provide a 
framework that will help to guide future more detailed work. More sampling and chemical 
analysis from each individual locality and also from the other volcanic and plutonic rocks within 
the Lut block, studies of paleomagnetic rotation and reevaluation of tectonic history, will test and 
refine the results presented here. 
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Appendix A: Microprobe data (Chapter II) 
Table 1.  Representative electron microprobe analyses of olivines.  
Sample B-14   B-22   Kh-1   B-13   B-21 
 
pheno. micro. 
 
pheno. 
 
pheno. micro. 
 
pheno. 
 
pheno. micro. 
  core rim core   core rim   core rim core   core rim   core core 
No. 4 2 1   3 1   3 1 1   4 2   1 2 
SiO₂ 40.4 38.28 38.1 
 
41.07 38.3 
 
40.92 38.78 39.23 
 
41.07 38.71 
 
40.47 39.24 
Al₂O3 0.02 0.01 0.02 
 
0.01 0.04 
 
0.04 0.01 0.03 
 
0.01 0.02 
 
0.02 0.01 
Cr₂O3 0.02 0.02 0 
 
0.01 0.01 
 
0.03 0.06 0.02 
 
0.01 0.01 
 
0.03 0.02 
FeO 18.72 27.23 31.92 
 
13.99 27.77 
 
13.94 25.77 27.67 
 
13.99 25.27 
 
18.59 20.9 
MnO 0.37 0.55 0.75 
 
0.23 0.53 
 
0.2 0.53 0.51 
 
0.23 0.52 
 
0.22 0.37 
NiO 0.16 0.07 0.06 
 
0.19 0.03 
 
0.21 0.1 0.03 
 
0.19 0.1 
 
0.23 0.11 
MgO 42.03 34.53 30.35 
 
45.81 31.86 
 
45.68 35.04 33.94 
 
45.81 36.8 
 
42.32 39.92 
Total 101.7 100.7 101.2 
 
101.3 98.5 
 
101 100.3 101.4 
 
101.3 101.4 
 
101.9 100.6 
                 Cations calculated  on the basis of 4 oxygen 
       Al 0 0 0 
 
0.676 0.699 
 
0 0 0 
 
0.002 0 
 
0 0 
Cr 0 0 0 
 
0.002 0 
 
0 0 0 
 
0 0 
 
0 0 
Fe 0.246 0.403 0.482 
 
0 0 
 
0.193 0.381 0.407 
 
0.252 0.367 
 
0.26 0.3 
Mn 0.004 0.008 0.011 
 
0.192 0.424 
 
0.002 0.007 0.007 
 
0.005 0.008 
 
0.003 0.005 
Ni 0.002 0.001 0 
 
1.124 0.867 
 
0.002 0.001 0 
 
0.003 0.001 
 
0.003 0.002 
Mg 1.068 0.91 0.817 
 
0.003 0.008 
 
1.121 0.923 0.891 
 
1.059 0.952 
 
1.056 1.02 
                 Fo 80 69 63   85 67   85 70 68   75 72   80 77 
No. = number of analyses 
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Table 2. Representative electron microprobe analyses of clinopyroxene.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  B13    B14     Kh1  
SiO2 51.3 51.6 51.0 
 
50.7 51.5 52.2 
 
50.7 52.2 49.8 
TiO2 1.0 1.0 1.0 
 
0.7 0.7 0.8 
 
1.3 0.6 1.3 
Al2O3 2.9 2.5 3.0 
 
2.2 5.9 2.1 
 
3.5 1.9 4.4 
Cr2O3 0.1 0.1 0.1 
 
0.1 0.1 0.1 
 
0.2 0.2 0.6 
FeO 8.4 7.7 8.2 
 
7.5 7.9 8.1 
 
8.9 7.4 7.4 
MnO 0.2 0.2 0.3 
 
0.2 0.2 0.3 
 
0.3 0.2 0.2 
MgO 15.2 15.6 15.2 
 
16.1 13.3 16.1 
 
15.1 16.8 14.8 
CaO 20.4 20.3 19.9 
 
20.0 19.1 19.6 
 
19.2 19.2 20.2 
Na2O 0.5 0.5 0.6 
 
0.4 0.8 0.3 
 
0.4 0.2 0.4 
Total 99.9 99.4 99.2 
 
98.0 99.5 99.5 
 
99.5 98.8 99.1 
            Cations calculated  on the basis of 6 oxygen 
   Si 1.90 1.91 1.90 
 
1.90 1.91 1.93 
 
1.89 1.94 1.86 
Al 0.13 0.11 0.13 
 
0.10 0.26 0.09 
 
0.15 0.08 0.19 
Ti 0.03 0.03 0.03 
 
0.02 0.02 0.02 
 
0.04 0.02 0.04 
Cr 0.00 0.00 0.00 
 
0.00 0.00 0.00 
 
0.01 0.01 0.02 
Fe 0.26 0.24 0.26 
 
0.24 0.25 0.25 
 
0.28 0.23 0.23 
Mn 0.01 0.01 0.01 
 
0.01 0.01 0.01 
 
0.01 0.01 0.00 
Mg 0.84 0.86 0.84 
 
0.90 0.73 0.89 
 
0.84 0.93 0.82 
Ca 0.81 0.81 0.79 
 
0.80 0.76 0.78 
 
0.76 0.76 0.81 
Na 0.03 0.03 0.04 
 
0.03 0.06 0.03 
 
0.03 0.02 0.03 
            En 44 45 45 
 
46 42 46 
 
45 48 44 
Wo 42 42 42 
 
42 44 41 
 
41 40 43 
Fs 14 13 13 
 
12 14 13 
 
14 12 13 
            Mg# 79 81 79   82 78 81   78 83 81 
198 
 
Table 3.  Representative electron microprobe analyses of Amphibole (sample B-21). 
 
SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O Cl F Total 
42.21 1.92 13.48 9.91 0.17 15.68 11.20 2.84 0.21 0.02 3.10 99.4 
42.47 1.80 13.76 10.41 0.10 15.53 11.38 2.82 0.30 0.02 3.10 100.4 
42.44 1.98 13.10 8.07 0.11 16.82 11.22 2.90 0.19 0.02 3.13 98.7 
            Number of ions on basis of 22 oxygen 
      Si Al Ti Fe Mn Mg Ca Na K Cl F 
 6.19 2.33 0.21 1.22 0.02 3.43 1.76 0.81 0.04 0.01 1.44 
 6.18 2.36 0.20 1.27 0.01 3.37 1.77 0.79 0.05 0.01 1.42 
 6.22 2.26 0.22 0.99 0.01 3.67 1.76 0.82 0.04 0.00 1.45  
 
Table 4. Representative electron microprobe analyses of plagioclase. 
 
  B21    B13    B14    Kh1  
SiO2 52.5 52.2 51.9 49.1 
 
53.1 50.6 50.0 
 
50.4 49.9 47.2 51.5 
 
50.6 50.2 50.5 
Al2O3 33.4 32.4 31.7 31.2 
 
29.7 31.3 32.2 
 
31.2 31.6 33.6 28.5 
 
32.2 32.5 31.9 
FeO 0.6 0.7 0.6 0.5 
 
0.9 0.9 0.7 
 
0.8 0.9 0.7 0.9 
 
0.6 0.7 0.5 
CaO 14.9 14.4 14.0 14.0 
 
12.2 13.8 14.5 
 
13.7 13.9 16.2 11.3 
 
14.5 14.5 14.6 
Na2O 3.5 3.6 3.6 3.1 
 
4.3 3.2 2.8 
 
3.2 2.9 1.8 3.8 
 
2.9 3.1 3.0 
K2O 0.1 0.1 0.1 0.1 
 
0.2 0.2 0.1 
 
0.2 0.1 0.1 0.3 
 
0.1 0.1 0.1 
Total 105.0 103.3 101.9 97.9 
 
100.3 100.1 100.4 
 
99.4 99.4 99.5 96.4 
 
100.8 101.1 100.6 
                  Number of ions on basis of 32 oxygen 
         Si 9.20 9.27 9.15 9.62 
 
9.24 9.11 9.99 
 
9.19 8.73 9.73 10.70 
 
9.08 9.17 9.93 
Al 6.74 6.68 6.85 6.33 
 
6.73 6.93 5.99 
 
6.85 7.31 6.36 5.19 
 
6.92 6.82 6.19 
Fe 0.10 0.09 0.08 0.13 
 
0.14 0.11 0.07 
 
0.14 0.11 0.15 0.10 
 
0.10 0.08 0.04 
Ca 2.72 2.69 2.79 2.36 
 
2.71 2.83 1.87 
 
2.74 3.21 2.28 1.17 
 
2.80 2.84 2.04 
Na 1.22 1.25 1.11 1.51 
 
1.14 0.99 1.90 
 
1.05 0.63 1.41 2.66 
 
1.07 1.06 1.68 
K 0.02 0.02 0.02 0.05 
 
0.04 0.03 0.17 
 
0.03 0.01 0.07 0.18 
 
0.02 0.02 0.11 
                  Or 0.5 0.4 0.4 1.4 
 
1.0 0.8 4.4 
 
0.7 0.4 1.9 4.4 
 
0.5 0.4 2.9 
Ab 30.9 31.6 28.4 38.5 
 
29.3 25.7 48.2 
 
27.5 16.3 37.4 66.4 
 
27.5 27.1 43.9 
An 68.7 67.9 71.2 60.1  69.7 73.5 47.4  71.7 83.3 60.7 29.1  71.9 72.5 53.2 
 
 
 
199 
 
Appendix B: Microprobe data (Chapter III) 
Table 1a. Representative electron microprobe analyses of olivine in the host basalt. 
Sample NXP10 NXM5 NXP-11-1 
SiO2 38.47 39.36 38.02 39.11 40.28 39.18 40.62 
FeO 24.79 22.54 26.34 24.05 16.25 16.36 16.29 
MnO 0.70 0.46 0.63 0.58 0.27 0.24 0.22 
NiO 0.08 0.08 0.06 0.07 0.13 0.10 0.14 
MgO 36.71 38.27 35.16 36.84 44.38 43.91 44.11 
Total 100.75 100.72 100.20 100.71 101.31 99.79 101.44 
        Cations calculated  on the basis of 4 oxygens 
   Fe 0.5429 0.4888 0.5846 0.5258 0.3387 0.346 0.3397 
Mn 0.0155 0.01 0.0141 0.0128 0.0057 0.0051 0.0047 
Ni 0.0017 0.0017 0.0014 0.0015 0.0025 0.0021 0.0028 
Mg 1.4326 1.4787 1.3909 1.4357 1.6488 1.6556 1.6391 
        
Fo 72 74 70 73 83 82 83 
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Table 1b. Representative electron microprobe analyses of clinopyroxene in the host rock. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample NXP11-2 
SiO2 49.90 48.80 Cations calculated  on the basis of 6 oxygens 
TiO2 1.60 2.30 
 
Si 1.858 1.809 
 
Al2O3 3.60 4.70 
 
Al 0.156 0.207 
 
Cr2O3 0.01 0.02 
 
Ti 0.045 0.065 
 
FeO 8.49 9.86 
 
Cr 0 0.001 
 
MnO 0.27 0.19 
 
Fe 0.264 0.306 
 
MgO 13.48 13.11 
 
Mn 0.008 0.006 
 
CaO 21.74 21.12 
 
Mg 0.748 0.723 
 
Na2O 0.74 0.65 
 
Ca 0.867 0.838 
 
Total 99.81 100.87 
 
Na 0.053 0.047 
 
        
En 40 39 
     
Wo 46 45 
     
Fs 14 16 
     
        
Mg # 77 74           
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Table 1c. Representative electron microprobe analyses of plagioclase in the host basalt. 
Sample NXM 2 NXG 
SiO₂ 53.34 61.54 60.53 60.68 54.15 53.14 55.18 52.95 
Al₂O₃ 29.48 24.12 24.53 24.35 28.97 29.28 28.45 29.67 
FeO 0.56 0.63 0.6 0.56 0.86 0.78 0.73 0.62 
CaO 11.26 5.38 5.8 5.79 10.68 11.27 9.83 11.66 
Na₂O 4.52 5.58 7.26 7.53 4.87 4.62 5.02 4.40 
K₂O 0.38 1.10 0.96 1.00 0.25 0.28 0.25 0.19 
Total 99.54 98.33 99.68 99.90 99.79 99.36 99.47 99.50 
         Number of ions on basis of 32 oxygens 
Si 9.71 11.35 10.86 10.84 9.83 9.69 10.04 9.65 
Al 6.32 5.24 5.19 5.13 6.20 6.29 6.10 6.37 
Fe 0.09 0.10 0.09 0.08 0.13 0.12 0.11 0.10 
Ca 2.20 1.06 1.12 1.11 2.08 2.20 1.92 2.28 
Na 1.60 1.99 2.52 2.61 1.71 1.63 1.77 1.56 
K 0.09 0.26 0.22 0.23 0.06 0.06 0.06 0.05 
         
Or 2 8 6 6 1 2 2 1 
Ab 41 60 65 66 45 42 47 40 
An 57 32 29 28 54 56 51 59 
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Table 2a. Representative electron microprobe analyses of olivine in peridotite xenoliths. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
NXP1 NXP4 NXP10 NXP11-2 NXP5 
SiO2 41.0 41.20 40.21 41.44 41.21 41.21 40.50 41.81 41.13 41.50 43.02 40.91 41.90 41.16 41.14 
FeO 11.0 10.80 10.61 11.69 11.49 11.74 10.10 10.17 10.20 10.12 10.27 10.35 10.48 9.88 10.43 
MnO 0.2 0.15 0.16 0.19 0.24 0.16 0.10 0.17 0.19 0.14 0.20 0.17 0.12 0.17 0.18 
NiO 0.4 0.34 0.36 0.32 0.37 0.33 0.37 0.39 0.39 0.40 0.41 0.42 0.39 0.38 0.38 
MgO 48.0 48.10 48.95 48.32 48.80 48.43 49.50 49.25 49.09 50.10 50.21 50.24 49.42 49.60 48.80 
Total 101 101.0 100.3 102.0 102.2 101.9 101.0 101.8 101.1 102.3 104.2 102.1 102.3 101.3 100.9 
                Cations calculated  on the basis of 4 oxygens 
Fe 0.20 0.220 0.217 0.237 0.232 0.238 0.210 0.206 0.207 0.203 0.203 0.208 0.211 0.200 0.213 
Mn 0.00 0.000 0.003 0.004 0.005 0.003 0.000 0.003 0.004 0.003 0.004 0.004 0.003 0.004 0.004 
Ni 0.00 0.010 0.007 0.006 0.007 0.007 0.010 0.008 0.008 0.008 0.008 0.008 0.008 0.007 0.007 
Mg 1.80 1.760 1.787 1.747 1.758 1.752 1.800 1.773 1.780 1.791 1.768 1.798 1.771 1.791 1.773 
                Fo 89 89 89 88 88 88 90 89 89 90 90 89 89 90 89 
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Table 2b. Representative electron microprobe analyses of clinopyroxene in xenoliths. 
Litho type                                                                              Pyroxenite 
Sample NXP9 NXP1-2 NXP11-1 
CPX core rim core rim core rim core rim core rim core rim 
SiO2 53.90 54.00 54.20 53.10 53.50 53.90 53.70 53.90 54.80 53.90 53.80 53.50 
TiO2 0.10 0.20 0.00 0.10 0.10 0.10 0.10 0.00 0.20 0.10 0.30 0.10 
Al2O3 1.90 1.80 1.90 1.80 2.50 2.50 2.60 2.60 1.70 1.70 1.80 1.60 
Cr2O3 1.00 1.00 0.90 1.00 0.40 0.50 0.50 0.40 0.20 0.20 0.20 0.20 
FeO 3.00 3.10 3.00 3.10 4.10 4.20 4.20 4.20 4.80 4.90 4.50 4.50 
MnO 0.20 0.10 0.10 0.10 0.20 0.10 0.10 0.20 0.20 0.10 0.10 0.10 
MgO 16.90 17.30 17.20 17.40 16.60 16.70 16.40 16.60 17.00 17.10 17.00 17.10 
CaO 22.50 22.60 22.40 22.50 22.20 22.30 22.00 22.10 22.60 22.70 22.60 22.50 
Na2O 0.60 0.50 0.50 0.50 0.50 0.60 0.50 0.60 0.30 0.30 0.30 0.30 
Total 100.00 101.00 100.00 99.60 100.00 101.00 100.00 101.00 102.00 101.00 101.00 99.90 
             
Cations calculated  on the basis of 6 oxygens 
Si 1.96 1.95 1.96 1.93 1.95 1.95 1.95 1.95 1.97 1.95 1.95 1.95 
Al 0.08 0.08 0.08 0.08 0.11 0.11 0.11 0.11 0.07 0.07 0.08 0.07 
Ti 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 
Cr 0.03 0.03 0.03 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.09 0.09 0.09 0.1 0.13 0.13 0.13 0.13 0.14 0.15 0.14 0.14 
Mn 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.00 
Mg 0.92 0.93 0.93 0.94 0.9 0.9 0.89 0.89 0.91 0.92 0.92 0.93 
Ca 0.88 0.87 0.87 0.88 0.86 0.86 0.86 0.86 0.87 0.88 0.88 0.88 
Na 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.02 0.02 0.02 0.02 
             
En 48.6 49.1 49.2 49.2 47.6 47.6 47.5 47.6 47.4 47.3 47.5 47.8 
Wo 46.5 46.1 46 45.8 45.7 45.7 45.8 45.6 45.2 45.1 45.4 45.2 
Fs 4.9 4.9 4.8 5.0 6.6 6.7 6.8 6.8 7.4 7.5 7.0 7.0 
             
Mg# 92 92 92 92 89 89 89 89 88 88 89 89 
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Table 2b (Continued) 
 
 
 
Litho type Pyroxenite 
Sample Nb (CPX) Na (CPX) 
 
core 1 core2 core3 core 4 core 1 core 2 core 3 core 4 
SiO2 52.01 52.52 54.37 53.43 54.76 53.57 52.31 52.29 
TiO2 0.15 0.12 0.13 0.06 0.18 0.18 0.14 0.12 
Al2O3 1.31 1.30 1.28 1.35 2.03 2.12 2.07 2.12 
Cr2O3 0.70 0.61 0.47 0.58 0.67 0.78 0.94 0.98 
FeO 3.20 3.16 3.37 3.37 2.95 2.94 2.88 2.87 
MnO 0.18 0.14 0.17 0.11 0.10 0.04 0.12 0.13 
MgO 17.82 16.86 17.26 17.32 16.55 16.72 16.86 16.99 
CaO 22.07 22.25 22.43 22.39 21.87 21.79 22.26 22.05 
Na2O 0.31 0.29 0.35 0.33 0.83 0.62 0.60 0.62 
Total 97.74 97.23 99.82 98.93 99.93 98.77 98.17 98.17 
         
         Cations calculated  on the basis of 6 oxygens 
     Si 1.929 1.965 1.982 1.963 1.990 1.970 1.933 1.931 
Al 0.057 0.057 0.055 0.058 0.087 0.092 0.090 0.092 
Ti 0.004 0.003 0.003 0.002 0.005 0.005 0.004 0.004 
Cr 0.021 0.018 0.014 0.017 0.019 0.023 0.027 0.029 
Fe 0.099 0.099 0.103 0.104 0.090 0.090 0.089 0.089 
Mn 0.006 0.005 0.005 0.003 0.003 0.001 0.004 0.004 
Mg 0.985 0.940 0.938 0.948 0.896 0.916 0.928 0.935 
Ca 0.877 0.892 0.876 0.882 0.851 0.858 0.881 0.873 
Na 0.022 0.021 0.025 0.023 0.059 0.044 0.043 0.045 
         
En 50.2 48.7 48.9 49.0 48.8 49.1 48.9 49.3 
Wo 44.7 46.2 45.7 45.6 46.3 46.0 46.4 46.0 
Fs 5.1 5.1 5.4 5.4 4.9 4.8 4.7 4.7 
         
Mg# 92 92 91 92 92 92 92 93 
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Table 2b. (Continued) 
Litho type                                                       Lherzolith  
Sample NXP3-3 NXP 10 NXP 11-2 
CPX core 1 core2 rim2  core 1  rim 1   core 2  core 1  rim 1  core 2  
SiO2 52.00 51.60 53.38 50.57 50.83 51.00 52.09 52.07 51.32 
TiO2 0.34 0.27 0.38 0.46 0.50 0.63 0.63 0.49 0.58 
Al2O3 5.36 5.24 5.32 7.14 6.96 7.15 6.83 6.09 7.11 
Cr2O3 1.00 1.03 1.00 0.92 0.91 0.91 0.76 0.70 0.74 
FeO 2.44 2.58 2.38 2.74 2.92 2.74 2.88 2.65 2.99 
MnO 0.10 0.08 0.07 0.07 0.10 0.15 0.09 0.05 0.07 
MgO 15.99 15.91 16.08 15.05 15.16 15.09 15.44 16.17 15.45 
CaO 20.57 20.70 20.69 18.93 18.90 18.84 20.70 20.83 20.07 
Na2O 1.46 1.42 1.41 2.09 2.05 2.11 1.68 1.51 1.75 
Total 99.30 98.80 100.70 98.00 98.30 98.60 101.10 100.60 100.10 
          
Cations calculated  on the basis of 6 oxygens 
Si 1.888 1.882 1.912 1.853 1.857 1.858 1.858 1.863 1.846 
Al 0.230 0.225 0.225 0.308 0.300 0.307 0.287 0.257 0.301 
Ti 0.009 0.007 0.010 0.013 0.014 0.017 0.017 0.013 0.016 
Cr 0.029 0.030 0.029 0.027 0.026 0.026 0.022 0.020 0.021 
Fe 0.074 0.079 0.071 0.084 0.089 0.083 0.086 0.079 0.090 
Mn 0.003 0.002 0.002 0.002 0.003 0.005 0.003 0.001 0.002 
Mg 0.865 0.865 0.859 0.822 0.826 0.820 0.821 0.863 0.828 
Ca 0.800 0.809 0.794 0.743 0.740 0.735 0.791 0.799 0.773 
Na 0.103 0.100 0.098 0.149 0.145 0.149 0.116 0.105 0.122 
          
En 49.8 49.4 49.8 49.8 49.9 50.0 48.4 49.6 49.0 
Wo 46.0 46.2 46.1 45.1 44.7 44.9 46.6 45.9 45.7 
Fs 4.3 4.5 4.1 5.1 5.4 5.1 5.1 4.6 5.3 
          
Mg# 93 93 93 92 92 92 92 93 92 
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Table 2b. Continued 
Litho type Lherzolith 
Sample NXP 5 NXP 1 
CPX core 1  rim 1  core 2 core 1 core 2 core 3 core 4 
SiO2 51.49 50.82 50.13 49.60 49.69 51.81 51.94 
TiO2 0.46 0.57 0.50 0.70 0.66 0.55 0.57 
Al2O3 6.88 6.78 6.74 7.10 7.28 7.38 6.95 
Cr2O3 0.74 0.73 0.78 0.44 0.45 0.43 0.45 
FeO 2.79 3.00 2.99 2.54 2.76 2.87 2.67 
MnO 0.08 0.08 0.03 0.11 0.06 0.09 0.14 
MgO 15.50 15.55 15.61 15.44 15.28 14.79 15.93 
CaO 19.93 19.75 20.02 20.27 20.18 20.01 20.53 
Na2O 1.78 1.76 1.71 1.83 1.88 1.85 1.73 
Total 99.60 99.00 98.50 98.00 98.20 99.80 100.93 
        Cations calculated  on the basis of 6 oxygens 
   Si 1.858 1.846 1.829 1.825 1.824 1.872 1.849 
Al 0.293 0.290 0.290 0.308 0.315 0.314 0.292 
Ti 0.012 0.016 0.014 0.019 0.018 0.015 0.015 
Cr 0.021 0.021 0.023 0.013 0.013 0.012 0.013 
Fe 0.084 0.091 0.091 0.078 0.085 0.087 0.080 
Mn 0.002 0.002 0.001 0.004 0.002 0.003 0.004 
Mg 0.834 0.842 0.849 0.826 0.818 0.794 0.845 
Ca 0.771 0.769 0.783 0.799 0.794 0.774 0.783 
Na 0.125 0.124 0.121 0.128 0.131 0.129 0.120 
        En 49.4 49.5 49.3 49.1 48.8 48.1 49.5 
Wo 45.6 45.2 45.4 46.3 46.3 46.7 45.9 
Fs 5.0 5.3 5.3 4.5 4.9 5.2 4.7 
        Mg# 92 92 92 93 92 92 93 
 
 
 
 
207 
 
Table 2c. Representative electron microprobe analyses of orthopyroxene in xenoliths 
 
Lithotype                                                                     Pyroxenite 
Sample NXP9 NXP1-2 NXP11-1 
OPX core rim core rim core rim core rim core rim Core Rim 
SiO2 56.2 56.7 56.3 56.6 55.9 56.5 56.4 55.4 56.2 55.2 56.7 57.1 
TiO2 0 0.1 0 0 0 0 0.1 0 0.1 0.1 0.1 0.1 
Al2O3 1.4 1.5 1.5 1.5 2.1 2.1 2 2 1.3 1.4 1.3 1.4 
Cr2O3 0.6 0.6 0.4 0.4 0.2 0.2 0.2 0.3 0.1 0.1 0.1 0.1 
FeO 7.5 7.4 7.4 7.3 9.5 9.6 9.8 9.4 10.6 10.4 10.6 10.5 
MnO 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.3 0.3 0.3 0.2 
MgO 33.5 33.1 33.5 33.5 31.4 31.3 31.4 31.7 31.2 31.9 31.2 31 
CaO 0.7 0.7 0.7 0.7 0.8 0.8 0.7 0.8 0.8 0.8 0.8 0.8 
Total 100.1 100.2 100 100.3 100.1 100.7 101 99.8 100.7 100.1 101.1 101.2 
             Cations calculated  on the basis of 6 oxygens 
Si 1.947 1.966 1.952 1.957 1.956 1.967 1.959 1.94 1.963 1.93 1.972 1.987 
Al 0.057 0.06 0.06 0.061 0.085 0.086 0.083 0.082 0.055 0.059 0.055 0.057 
Ti 0 0.002 0 0.001 0 0 0.002 0.001 0.003 0.001 0.002 0.003 
Cr 0.016 0.017 0.011 0.012 0.005 0.005 0.007 0.007 0.003 0.002 0.002 0.003 
Fe 0.218 0.213 0.214 0.211 0.279 0.28 0.285 0.276 0.311 0.303 0.31 0.305 
Mn 0.006 0.005 0.006 0.005 0.005 0.006 0.008 0.007 0.008 0.008 0.007 0.006 
Mg 1.729 1.709 1.729 1.725 1.636 1.626 1.628 1.656 1.627 1.665 1.62 1.609 
Ca 0.026 0.027 0.026 0.026 0.029 0.03 0.028 0.029 0.03 0.03 0.03 0.03 
             
En 87.7 87.7 87.8 87.9 84.2 84 83.9 84.4 82.7 83.3 82.7 82.8 
Wo 1.3 1.4 1.3 1.3 1.5 1.5 1.4 1.5 1.5 1.5 1.5 1.5 
Fs 11 10.9 10.9 10.8 14.4 14.5 14.7 14.1 15.8 15.2 15.8 15.7 
             
Mg# 90 90 90 91 87 87 87 88 86 87 86 86 
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Table 2c. (Continued) 
Lithotype Lherzolith 
Sample NXP 10 NXP 11-2 NXP 5 NXP 1 
OPX core 1 rim 1 core 2 core 1 rim 1 core 2 core 1 rim 1 core 2 core 3 core 1 core 2 core 3 
SiO2 53.82 54.17 54.24 56.39 55.78 55.17 54.49 54.87 55.19 53.18 55.84 55.28 56.16 
TiO2 0.04 0.15 0.11 0.17 0.13 0.08 0.10 0.19 0.06 0.17 0.00 0.21 0.07 
Al2O3 4.60 4.53 4.59 4.42 4.05 4.72 4.81 4.81 4.76 4.82 3.43 4.49 3.90 
Cr2O3 0.34 0.37 0.35 0.27 0.29 0.30 0.29 0.40 0.27 0.34 0.28 0.23 0.26 
FeO 6.48 6.17 6.20 6.43 6.47 6.22 6.48 6.58 6.71 6.55 6.87 6.74 6.74 
MnO 0.12 0.13 0.13 0.12 0.12 0.13 0.11 0.14 0.12 0.15 0.15 0.15 0.14 
MgO 32.73 32.81 32.42 33.13 33.54 33.22 33.14 33.13 32.89 32.99 32.99 32.22 32.49 
CaO 0.80 0.80 0.82 0.75 0.75 0.82 0.83 0.83 0.87 0.84 0.74 0.80 0.75 
Na2O 0.15 0.15 0.16 0.09 0.11 0.08 0.13 0.13 0.12 0.12 0.10 0.11 0.11 
Total 99.1 99.3 99.0 101.8 101.2 100.7 100.4 101.1 101.0 99.2 100.4 100.2 100.6 
 
             
Cations calculated  on the basis of 6 oxygens 
Si 1.872 1.880 1.890 1.915 1.901 1.888 1.871 1.874 1.887 1.847 1.918 1.907 1.925 
Al 0.189 0.185 0.188 0.177 0.163 0.191 0.195 0.194 0.192 0.197 0.139 0.182 0.158 
Ti 0.001 0.004 0.003 0.004 0.003 0.002 0.003 0.005 0.002 0.005 0.000 0.006 0.002 
Cr 0.010 0.010 0.010 0.007 0.008 0.008 0.008 0.011 0.007 0.009 0.008 0.006 0.007 
Fe 0.189 0.179 0.181 0.183 0.184 0.178 0.186 0.188 0.192 0.190 0.197 0.195 0.193 
Mn 0.004 0.004 0.004 0.003 0.004 0.004 0.003 0.004 0.003 0.004 0.004 0.004 0.004 
Mg 1.697 1.698 1.684 1.677 1.704 1.694 1.696 1.686 1.676 1.708 1.700 1.663 1.676 
Ca 0.030 0.030 0.031 0.027 0.027 0.030 0.031 0.030 0.032 0.031 0.027 0.030 0.028 
Na 0.010 0.010 0.011 0.006 0.007 0.005 0.009 0.008 0.008 0.008 0.007 0.008 0.007 
              En 88.6 89 88.9 88.9 88.9 89.1 88.7 88.5 88.2 88.5 88.3 88.1 88.3 
Wo 1.6 1.6 1.6 1.4 1.4 1.6 1.6 1.6 1.7 1.6 1.4 1.6 1.5 
Fs 9.8 9.4 9.5 9.7 9.6 9.4 9.7 9.9 10.1 9.9 10.3 10.3 10.3 
              Mg# 91 92 92 92 92 92 91 91 91 91 91 91 91 
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Table 2c. (Continued) 
lithotype Lherzolith 
Sample NXP3-3 
OPX core 1 core2 rim 2 
SiO2 55.26 55.13 54.67 
TiO2 0.01 0.12 0.01 
Al2O3 3.63 3.81 3.44 
Cr2O3 0.43 0.38 0.42 
FeO 5.82 5.94 5.74 
MnO 0.12 0.12 0.11 
MgO 33.84 33.6 33.44 
CaO 0.74 0.75 0.72 
Total 99.9 99.9 98.6 
    
    Si 1.901 1.899 1.906 
Al 0.147 0.155 0.141 
Ti 0 0.003 0 
Cr 0.012 0.01 0.012 
Fe 0.167 0.171 0.167 
Mn 0.003 0.003 0.003 
Mg 1.736 1.725 1.738 
Ca 0.027 0.028 0.027 
    En 89.9 89.7 89.9 
Wo 1.4 1.4 1.4 
Fs 8.7 8.9 8.7 
    
Mg# 92 92 92 
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Table 2d.  Representative electron microprobe analyses of amphibole peridotite xenoliths. 
 
NXP-4 
SiO2 41.90 42.63 Number of ions on basis of 23 oxygens 
TiO2 3.87 3.36 
 
Si 6.070 6.160 
Al2O3 14.62 14.35 
 
Ti 0.420 0.370 
FeO 4.61 4.40 
 
Al 2.490 2.440 
MnO 0.05 0.10 
 
Fe 0.560 0.530 
MgO 16.53 16.83 
 
Mg 3.570 3.630 
CaO 10.85 10.83 
 
Mn 0.010 0.010 
Na2O 3.36 3.27 
 
Ca 1.680 1.680 
K2O 1.40 1.40 
 
Na 0.940 0.920 
Cl 0.03 0.02 
 
K 0.260 0.260 
F 3.22 3.22 
 
Cl 0.010 0.010 
Total 100.40 100.40  F 1.470 1.470 
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Table 3a. Representative electron microprobe analyses of plagioclase as megacryst and in the 
crustal xenoliths. 
 
 
Megacryst 
 
Crustal xenolithe 
Sample NXM1 NXM2 NXM  3 near edge at edge center 
 
NXG 1 NXG 2 NXG 3 
SiO₂ 61.85 60.99 60.72 61.13 60.71 60.8 
 
56.38 57.05 57.29 
Al₂O₃ 24.77 24.43 24.39 24.05 24.01 23.91 
 
26.87 26.99 26.97 
FeO 0.19 0.18 0.18 0.22 0.21 0.16 
 
0.30 0.35 0.27 
CaO 5.68 5.52 5.58 5.32 5.35 5.35 
 
8.71 8.63 8.73 
Na₂O 5.84 7.33 7.26 6.89 7.45 7.06 
 
5.49 5.72 5.62 
K₂O 1.43 1.69 1.62 1.49 1.32 1.68 
 
1.19 0.99 1.21 
Total 99.76 100.15 99.76 99.1 99.06 98.96 
 
98.94 99.72 100.10 
           Number of ions on basis of 32 oxygens 
Si 11.20 10.87 10.87 11.05 10.93 10.99 
 
10.27 10.30 10.31 
Al 5.29 5.13 5.15 5.13 5.10 5.09 
 
5.77 5.75 5.72 
Fe 0.03 0.03 0.03 0.03 0.03 0.02 
 
0.05 0.05 0.04 
Ca 1.10 1.05 1.07 1.03 1.03 1.04 
 
1.70 1.67 1.68 
Na 2.05 2.53 2.52 2.41 2.60 2.47 
 
1.94 2.00 1.96 
K 0.33 0.38 0.37 0.34 0.30 0.39 
 
0.28 0.23 0.28 
           
Or 9 10 9 9 8 10 
 
7 7 8 
Ab 59 64 64 64 66 63 
 
50 60 59 
An 32 26 27 27 26 27   44 50 51 
 
 
 
 
 
 
 
 
 
212 
 
 
Table 3b. Representative electron microprobe analyses of pyroxene in crustal xenoliths. 
 
Litho type Meta gabbro (NXG) 
Sample OPX CPX 
SiO2 50.40 50.10 51.00 49.70 49.80 49.60 52.40 
TiO2 0.20 0.10 0.22 0.67 0.54 0.54 0.36 
Al2O3 3.10 3.40 3.00 4.60 4.50 4.40 0.50 
Cr2O3 0.03 0.04 0.01 0.02 0.09 0.00 0.02 
FeO 21.70 21.50 21.70 11.00 10.80 11.00 10.90 
MnO 0.65 0.64 0.59 0.34 0.27 0.31 0.39 
MgO 20.90 20.70 20.90 12.30 12.10 12.30 15.30 
CaO 1.08 1.12 1.01 19.10 19.28 18.95 17.29 
Na2O 0.04 0.03 0.03 0.71 0.66 0.71 0.39 
Total 98.05 97.52 98.39 98.39 98.07 97.76 97.46 
        Cations calculated  on the basis of 6 oxygens 
Si 1.92 1.91 1.93 1.89 1.90 1.90 2.00 
Al 0.14 0.15 0.13 0.21 0.20 0.20 0.02 
Ti 0.01 0.00 0.01 0.02 0.02 0.02 0.01 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.69 0.69 0.69 0.35 0.35 0.35 0.35 
Mn 0.02 0.02 0.02 0.01 0.01 0.01 0.01 
Mg 1.18 1.18 1.18 0.70 0.69 0.70 0.87 
Ca 0.04 0.05 0.04 0.78 0.79 0.78 0.71 
Na 0.00 0.00 0.00 0.05 0.05 0.05 0.03 
        
En 62 62 62 38 38 38 45 
Wo 2 2 2 43 43 42 37 
Fs 36 36 36 19 19 19 18 
        
Mg# 67 67 67 70 70 70 75 
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Table 3c. Representative electron microprobe analyses of olivine in crustal xenoliths. 
 
Sample NXG 3 
SiO2 36.22 36.43 35.98 
FeO 31.52 30.71 30.65 
MnO 0.81 0.84 0.87 
MgO 29.09 30.54 30.97 
Total 97.87 98.71 98.65 
    
    Cations calculated  on the basis of 4 oxygens 
Fe 0.987 0.946 0.943 
Mn 0.026 0.026 0.027 
Mg 1.623 1.678 1.699 
    
Fo 62 63 64 
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Appendix C: Microprob data (Chapter V) 
Table 1.  Representative electron microprobe analyses of olivine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
No. = number of analyses 
 
 
 
 
 
 
 
Sample    C8       C12      C31-2        C21 
 
   core      rim 
 
core     rim 
 
core 
 
core      rim 
No.       4       2 
 
    2       2 
 
  3 
 
      2      2 
SiO2 39.8 39.1 
 
40.7 39.1 
 
37.2 
 
41.8 39.0 
Al2O3 0.015 0.005 
 
0.004 0.000 
 
0.004 
 
0.013 0.000 
FeO 15.36 23.64 
 
13.04 21.31 
 
30.30 
 
10.10 17.89 
MnO 0.23 0.42 
 
0.20 0.54 
 
1.10 
 
0.16 0.35 
NiO 0.13 0.05 
 
0.31 0.12 
 
0.01 
 
0.33 0.16 
MgO 44.9 37.9 
 
47.4 39.9 
 
31.2 
 
49.8 42.0 
Total 100.3 101.0 
 
101.5 101.0 
 
99.8 
 
102.2 99.4 
           Cation calculated based on 4 oxygens 
      
           Fe 0.3222 0.5126
 
0.2164 0.4142
 
0.6910
 
0.2030 0.3837
Mn 0.0050 0.0091 
 
0.0028 0.0096 
 
0.0254 
 
0.0033 0.0076 
Ni 0.0026 0.0011 
 
0.0060 0.0024 
 
0.0002 
 
0.0064 0.0034 
Mg 1.67 1.46 
 
1.78 1.57 
 
1.27 
 
1.78 1.60 
           Fo  84 73 
 
86 76 
 
64 
 
90 80 
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Table 2. Representative electron microprobe analyses of plagioclase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample C-21   C8   C12   D   C31-2 
No.    3     1      3   1      1   2      1    2   1     2 
SiO2 52.55 65.64 
 
58.21 52.17 
 
66.32 56.02 
 
65.69 57.46 
 
61.91 54.73 
Al2O3 29.48 19.19 
 
26.23 29.87 
 
19.69 27.64 
 
19.39 26.91 
 
19.82 29.15 
FeO 1.06 0.44 
 
0.67 1.06 
 
0.32 0.74 
 
0.38 0.90 
 
0.73 0.28 
CaO 12.05 0.70 
 
8.09 12.18 
 
0.67 9.61 
 
0.67 8.66 
 
1.36 10.62 
Na2O 3.96 4.04 
 
6.69 3.95 
 
4.87 5.52 
 
5.14 6.20 
 
2.14 4.85 
K2O 0.34 10.81 
 
0.47 0.19 
 
9.82 0.32 
 
9.44 0.44 
 
10.80 0.44 
Total 99.45 100.82 
 
100.36 99.42 
 
101.69 99.85 
 
100.72 100.56 
 
96.75 100.07 
               Number of ions basis of 32 oxygenes 
 
        Si 9.62 11.83 
 
10.40 9.56 
 
11.79 10.13
 
11.77 10.28
 
11.76 9.89
Al 6.36 4.08 
 
5.52 6.45 
 
4.13 5.89 
 
4.10 5.67 
 
4.44 6.21 
Fe 0.16 0.07 
 
0.10 0.16 
 
0.05 0.11 
 
0.06 0.13 
 
0.12 0.04 
Ca 2.36 0.13 
 
1.55 2.39 
 
0.13 1.86 
 
0.13 1.66 
 
0.28 2.06 
Na 1.41 1.41 
 
2.32 1.40 
 
1.68 1.93 
 
1.79 2.15 
 
0.79 1.70 
K 0.08 2.48 
 
0.11 0.04 
 
2.23 0.07 
 
2.16 0.10 
 
2.62 0.10 
               Or 2 62 
 
3 1 
 
55 2 
 
53 3 
 
71 3 
Ab 37 35 
 
58 37 
 
42 50 
 
44 55 
 
21 44 
An 61 3 
 
39 62 
 
3 48 
 
3 42 
 
8 53 
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Table 3. Representative electron microprobe analyses of pyroxene. 
 
 
 
Sample C 12 C 21 
CPX core core core rim core core core core rim 
SiO2 51.44 51.71 51.16 49.09 50.45 49.58 50.30 52.88 48.13 
TiO2 0.47 0.44 0.52 0.98 0.37 0.96 0.57 0.29 0.75 
Al2O3 2.41 1.85 2.34 3.22 3.46 3.98 3.02 1.71 4.59 
Cr2O3 0.66 0.66 0.82 0.01 0.99 0.13 0.02 0.20 0.11 
FeO 4.17 3.84 3.88 6.36 4.13 6.93 6.79 5.84 7.18 
MnO 0.11 0.17 0.14 0.17 0.15 0.26 0.28 0.22 0.19 
MgO 16.38 16.66 16.49 14.89 16.05 15.01 15.89 17.23 14.23 
CaO 22.60 22.70 22.34 22.18 20.83 21.87 21.57 21.17 22.11 
Na2O 0.46 0.40 0.53 0.42 0.75 0.40 0.27 0.27 0.31 
Total 98.71 98.44 98.22 97.33 97.18 99.13 98.71 99.82 97.61 
          Cations calculated  on the basis of 6 oxygens 
Si 1.901 1.915 1.897 1.855 1.888 1.841 1.871 1.937 1.818 
Al 0.105 0.081 0.102 0.144 0.153 0.174 0.133 0.074 0.204 
Ti 0.013 0.012 0.015 0.028 0.010 0.027 0.016 0.008 0.021 
Cr 0.019 0.020 0.024 0.000 0.029 0.004 0.001 0.006 0.003 
Fe 0.129 0.119 0.120 0.201 0.129 0.215 0.211 0.179 0.227 
Mn 0.004 0.005 0.004 0.005 0.005 0.008 0.009 0.007 0.006 
Mg 0.902 0.920 0.912 0.839 0.895 0.831 0.881 0.940 0.801 
Ca 0.895 0.901 0.888 0.898 0.835 0.870 0.860 0.830 0.895 
Na 0.033 0.029 0.038 0.031 0.054 0.029 0.020 0.019 0.023 
          En 46.9 47.4 47.5 43.3 48.1 43.4 45.1 48.2 41.7 
Wo 46.5 46.4 46.2 46.3 44.9 45.4 44.0 42.6 46.5 
Fs 6.7 6.1 6.3 10.4 6.9 11.2 10.8 9.2 11.8 
          Mg# 89 90 90 83 89 82 83 86 81 
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Appendix D: Previous data (Chapter V) 
Jung, 1984 
 
 
 
 
 
 
Lu1094 Lu1176 Lu40 Lu39 Lu10 Lu1095 Lu226 Lu56 Lu66 Lu1282 Lu1285 
SiO2 49.57 50.02 50.11 50.22 50.40 50.37 48.40 50.48 50.19 50.31 51.60 
TiO2 1.91 2.07 1.58 1.58 1.61 1.83 1.81 1.19 1.11 1.08 1.06 
Al2O3 16.63 16.54 17.16 17.22 17.32 16.91 17.31 17.29 18.20 15.96 15.56 
Fe2O3 9.21 3.75 3.97 4.27 3.27 3.33 4.41 4.69 3.63 8.14 5.22 
FeO 0.92 6.26 4.20 4.01 5.00 5.97 4.83 4.92 6.10 2.13 4.23 
MnO 0.15 0.15 0.13 0.13 0.13 0.15 0.14 0.17 0.17 0.15 0.21 
MgO 6.44 6.25 6.16 6.19 6.51 6.34 6.46 7.22 5.33 4.67 5.55 
CaO 7.26 7.47 6.83 6.88 6.93 7.15 7.17 9.51 9.81 9.42 8.97 
Na2O 4.29 3.94 4.08 3.80 4.43 4.18 4.67 2.48 2.37 2.60 2.42 
K2O 1.55 1.31 1.90 1.91 1.68 1.51 1.46 2.04 1.81 2.57 2.37 
P2O5 0.60 0.63 0.64 0.64 0.67 0.61 0.64 0.46 0.37 0.38 0.41 
LOI 0.98 0.99 2.40 2.48 1.59 1.08 0.21 1.05 0.80 1.23 1.02 
Total 99.51 99.44 99.16 99.33 99.54 99.63 100.00 100.03 99.89 98.64 99.02 
Rb 30.00 9.00 36.00 11.00 8.00 
 
29.00 57.00 49.00 77.00 61.00 
Sr 675.00 707.00 858.00 862.00 897.00 706.00 628.00 707.00 667.00 718.00 802.00 
Ba 256.00 256.00 349.00 294.00 343.00 235.00 243.00 566.00 323.00 415.00 504.00 
Zr 260.00 253.00 252.00 249.00 241.00 265.00 523.00 113.00 103.00 110.00 103.00 
Nb 20.00 12.00 13.00 9.00 3.00 20.00 32.00 10.00 
   Y 23.00 18.00 20.00 19.00 8.00 21.00 
 
25.00 23.00 19.00 20.00 
La 58.00 42.00 74.00 28.00 39.00 29.00 
 
27.00 35.00 46.00 32.00 
Ce 85.00 78.00 66.00 107.00 93.00 69.00 
 
53.00 37.00 39.00 49.00 
Nd 28.00 22.00 36.00 34.00 36.00 28.00 
 
31.00 9.00 17.00 27.00 
V 124.00 137.00 119.00 123.00 127.00 116.00 145.00 288.00 271.00 270.00 256.00 
Cr 173.00 174.00 147.00 150.00 147.00 150.00 164.00 108.00 20.00 36.00 67.00 
Ni 122.00 124.00 97.00 96.00 101.00 106.00 100.00 48.00 25.00 16.00 16.00 
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Jung, 1984 
 
Lu 343 Lu 341 Lu 342 Lu 305 Lu 293 Lu 307 Lu 304 Lu300 
SiO2 48.85 49.08 49.37 49.99 49.46 65.9 62.79 62.16 
TiO2 1.15 0.86 0.87 1.15 0.91 0.56 0.77 0.73 
Al2O3 13.12 13.49 13.47 14.68 13.52 15.89 16.08 15.99 
Fe2O3 6.08 2.84 2.98 3.51 2.3 0.8 1.01 0.85 
FeO 2.32 5.25 5.14 4.24 5.5 2.79 3.35 3.56 
MnO 0.13 0.14 0.14 0.13 0.13 0.07 0.08 0.08 
MgO 10.24 11.56 11.36 9.35 10.77 2.15 2.32 3.4 
CaO 9.31 8.38 8.23 8.53 8.17 4.66 4.8 5.41 
Na2O 2.84 3.9 3.8 3.5 3.34 3.73 3.72 3.54 
K2O 1.87 1.58 1.58 1.98 1.74 2.24 2.29 1.84 
P2O5 0.82 0.29 0.3 0.54 0.29 0.18 0.21 0.22 
LOI 2.32 1.68 1.83 1.74 2.62 0.43 1.91 1.55 
CO2 0.15 0.38 0.3 
     Total 99.2 99.43 99.37 99.34 98.75 99.4 99.33 99.33 
Rb 39 27 28 53 45 68 105 68 
Sr 1440 870 864 922 822 355 341 436 
Ba 725 500 505 520 461 447 363 445 
Zr 169 106 108 159 111 192 264 210 
Nb 
   
2 
 
8 16 10 
Y 
 
6 4 7 7 19 35 23 
La 82 39 20 57 35 34 46 17 
Ce 137 75 57 52 62 23 80 43 
Nd 58 22 30 21 24 14 30 17 
V 189 176 166 170 171 63 78 83 
Cr 555 467 482 493 486 26 42 103 
Ni 257 319 333 247 318 19 6 55 
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Jung, 1984 
 
Lu 58 Lu 59 Lu 60 Lu 61 Lu 62 Lu 63  Lu 64 Lu 65 
SiO2 54.09 54.27 54.38 54.15 54.23 54.34 53.92 53.8 
TiO2 2.25 1.86 2.28 2.22 2.23 2.37 2.27 2.21 
Al2O3 14.6 15.32 14.66 14.92 14.86 14.62 14.66 14.53 
Fe2O3 1.85 1.38 2.77 3.21 2.16 2.85 2.16 2.23 
FeO 7.64 7.55 7.19 6.09 7.07 6.59 7.51 6.96 
MnO 0.13 0.12 0.13 0.12 0.12 0.11 0.13 0.12 
MgO 4.99 5.55 5.07 5.09 5.2 4.82 5.03 5.38 
CaO 6.64 6.82 6.72 6.77 6.7 6.62 6.88 6.75 
Na2O 3.74 4.26 3.56 3.96 4 4.21 3.51 4.54 
K2O 1.54 1.28 1.41 1.27 1.4 1.35 1.39 1.44 
P2O5 0.48 0.38 0.48 0.51 0.51 0.64 0.49 0.58 
LOI 0.89 1.05 1.12 1.4 1.19 1.18 0.94 1.62 
CO2 
  
0.04 0.07 
 
0.08 0.04 0.14 
Total 98.84 99.84 99.81 99.78 99.67 99.78 98.33 100.3 
Rb 25 20 29 25 26 21 29 22 
Sr 743 437 563 585 553 670 564 613 
Ba 283 213 268 290 263 292 284 323 
Zr 196 159 192 198 197 198 196 194 
Nb 17 24 16 23 29 20 24 28 
Y 11 15 16 16 18 14 18 18 
La 23 27 30 22 44 27 22 53 
Ce 72 25 53 66 40 38 49 53 
Nd 28 15 26 29 19 23 29 27 
V 124 123 126 121 123 106 131 111 
Cr 113 209 117 124 124 178 123 192 
Ni 77 87 68 67 74 77 74 116 
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Khorasani, 1982 
 
  1254 1255 343 1288 341 340 1260 342 1274 293 305 1267 
SiO2 47.81 48.12 84.58 49.07 49.08 49.09 49.55 49.37 49.4 49.46 46.99 50.11 
Al2O3 13.55 13.66 13.12 13.35 13.49 13.75 13.51 13.47 13.2 13.52 14.68 14.67 
Fe2O3 3.8 3.87 6.08 3.79 2.48 3.32 3.33 2.98 4.08 2.3 3.51 3.52 
FeO 5.48 5.47 2.32 3.95 5.25 4.24 4.94 5.14 3.66 5.5 4.24 4.28 
MgO 0.16 0.16 0.15 0.13 0.14 0.14 0.14 0.14 0.13 0.13 0.13 0.14 
CaO 10.78 10.92 10.24 9.5 11.56 11.13 10.57 11.36 8.94 10.77 9.35 9.25 
Na2O 9.34 9.39 9.31 9.74 8.38 8.49 8.15 8.23 8.34 8.17 8.53 8.5 
K2O 2.58 2.85 2.84 2.89 3.9 3.73 3.63 3.8 3.18 3.34 3.5 3.6 
MnO 1.06 1.01 1.87 1.74 1.58 1.63 1.64 1.58 2.03 1.74 1.98 1.66 
TiO2 1.15 1.16 1.15 1 0.86 0.89 0.9 0.87 1.15 0.91 1.15 1.1 
P2O5 0.43 0.46 0.89 0.83 0.29 0.32 0.33 0.3 0.48 0.29 0.54 0.48 
H2O(-) 2.09 1.97 1.84 1.72 1.28 1.14 1.53 0.37 2.37 2.33 1.54 1.17 
H2O(+) 0.17 0.26 0.45 0.43 0.49 0.33 0.47 0.46 0.37 0.29 0.19 0.32 
CO2 0.04 0.04 0.15 1.44 0.38 0.3 0.05 0.3 0.08 0 0 0.09 
SO3 0.05 0.05 0.03 0.05 0 0 0.05 0 0.5 0 0 0.05 
Ba 499 515 725 569 500 545 555 505 569 461 500 587 
Ce 87 61 137 61 73 56 66 57 60 62 52 72 
Cr 585 610 555 660 467 
 
456 482 460 486 493 460 
Cu 63 75 68 50 50 63 52 85 54 64 57 41 
Ga 14 13 14 16 16 16 14 15 15 12 17 14 
La 27 47 82 61 99 7 54 20 68 35 57 72 
Nb 0 0 0 0 0 0 0 0 1 0 2 4 
Nd 16 32 58 22 22 38 26 30 24 24 21 26 
Ni 263 259 257 252 319 284 222 333 239 318 247 227 
Rb 10 16 39 30 27 22 35 28 56 45 53 28 
Sc 30 37 23 25 27 23 22 23 26 21 20 29 
Sr 764 786 1440 840 870 
 
878 864 895 822 922 903 
V 242 233 189 127 176 
 
189 166 174 171 170 169 
Y 0 11 0 5 6 
 
7 4 5 7 7 9 
Zn 67 69 97 63 76 75 60 77 69 67 86 68 
Zr 134 133 169 116 106   107 108 144 111 159 141 
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Fanood, Gorbani 1997 
 
Fd-1 Fd-2 Fd-3 F-d4 
SiO2 62.42 62.37 64.28 63.31 
Al2O3 16.23 17.08 13.72 14.15 
Fe2O3 2.76 2.74 2.19 2.16 
FeO 2.98 2.61 3.23 3.17 
MgO 2.64 1.56 4.26 4.87 
CaO 5.11 5.1 6.12 6.2 
Na2O 3.78 3.65 2.47 2.6 
K2O 2.8 2.74 2.26 2.11 
MnO 0.09 0.08 0.1 0.1 
TiO2 1.24 1.24 0.66 0.65 
P2O5 0.43 0.38 0.18 0.16 
Zr 227 233 160 161 
Nb 18 18 11 11 
Rb 91 100 91 80 
V 102 98 92 101 
Sr 549 568 349 500 
Ba 602 487 510 474 
Ta 1.3 1.2 0.8 0.7 
Hf 9.4 9.3 8.6 8.3 
Cr 32 60 206 19.6 
Ni 21 41 109 95 
Co 21 15 22 21 
Y 28 28 22 23 
Th 12.6 14.5 10.1 10.4 
U 2.4 1.8 1.5 2.9 
Pb 46 47 28 29 
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Mood, Sarbishe; Ghorbani, 1997 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
MS-1 MS-2 MS-3 MS-4 MS-5 MS-6 MS-7 
SiO2 64.5 65.33 63.97 65.13 63 64.22 64.22 
Al2O3 16.55 16.38 15.78 16.45 15.22 15.54 16.04 
Fe2O3 2.37 2.36 2.35 2.3 2.25 2.38 2.31 
FeO 2.19 2.12 2.52 2.53 2.84 2.91 2.49 
MgO 1.49 1.54 2.77 1.64 3.49 2.25 2.39 
CaO 4.81 4.29 4.87 4.78 5.94 9.1 5.08 
Na2O 4.05 3.77 3.53 3.94 3.43 3.29 3.41 
K2O 2.4 2.68 2.63 2.26 2.28 2.69 2.51 
MnO 0.08 0.08 0.08 0.07 0.08 0.08 0.09 
TiO2 0.86 0.86 0.84 0.79 0.73 0.86 0.81 
P2O5 0.25 0.23 0.21 0.23 0.23 0.23 2 
Zr 274 261 271 261 222 307 283 
Nb 18 17 15 15 12 16 15 
Rb 93 98 108 85 77 114 101 
V 77 74 82 74 85 80 71 
Sr 760 364 367 407 447 351 343 
Ba 438 346 418 408 447 437 358 
Ta 0.9 1.2 0.9 0.8 0.7 0.6 0.6 
Hf 10.5 10.9 10.9 10.4 9.2 11.6 11.1 
Cr 67 41 140 76 184 115 55 
Ni 58 27 74 68 162 63 20 
Co 19 21 18 14 20 14 16 
Y 29 30 29 28 25 33 33 
Th 11.2 12 11.6 9.9 7.5 11.2 11.6 
U 3.2 2.1 2.2 1.9 1.1 1.2 2.5 
Pb 36 50 39 37 30 40 48 
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Noghab, Ghorbani 1997 
 
Nd-1 Nd-2 Nd-3 Nd-4 Nd-5 Nd-6 Nd-7 
SiO2 59.87 59.9 59.51 59.31 60.78 58.33 65.5 
Al2O3 15.74 15.62 16.11 16.31 15.48 17.88 15.34 
Fe2O3 2.32 2.34 2.37 2.39 2.34 2.58 2.22 
FeO 4.01 4.04 3.44 3.56 3.27 3.32 2.25 
MgO 5.2 5.14 4.15 4.56 5.34 3 2.51 
CaO 6.67 6.7 7.66 6.98 6.69 7.44 4.67 
Na2O 3.46 3.37 3.36 3.5 2.75 3.74 3.17 
K2O 0.93 1.55 1.62 1.61 1.55 1.5 2.99 
MnO 0.11 0.14 0.09 0.09 0.09 0.11 0.07 
TiO2 0.82 0.83 0.86 0.89 0.83 1.06 0.71 
P2O5 0.26 0.27 0.25 0.25 0.18 0.33 0.17 
Zr 213 213 181 171 181 243 216 
Nb 12 12 16 15 14 20 13 
Rb 28 30 68 54 79 63 125 
V 101 102 106 107 125 148 75 
Sr 486 404 576 528 975 2037 332 
Ba 179 240 368 310 530 446 401 
Ta 0.8 1.1 1.1 1.9 0.5 0.4 0.8 
Hf 8.5 8.7 7.9 7.7 8.3 8.2 10.2 
Cr 152 157 157 150 171 29 48 
Ni 112 112 131 117 76 11 18 
Co 22 26 32 27 24 32 19 
Y 29 29 21 20 23 27 29 
Th 2.6 3.9 6.8 6.2 8.2 6.4 15.9 
U 1.1 1.4 2 1.2 4.2 4.5 2.8 
Pb 53 61 35 29 54 114 48 
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Fayz abad, Ghorbani, 1997 
 
F-1 F-2 F-3 
SiO2 48.03 62.48 65.87 
Al2O3 13.93 14.93 14.66 
Fe2O3 3.17 2.18 2.29 
FeO 5.13 4.31 2.85 
MgO 7.83 3.14 2.21 
CaO 11.91 5.9 5.1 
Na2O 3.88 3.11 3.78 
K2O 1.78 2.4 1.65 
MnO 0.13 0.12 0.09 
TiO2 1.65 0.67 0.77 
P2O5 1.38 0.17 0.3 
Zr 353 170 249 
Nb 47 10 14 
Rb 66 104 49 
V 161 152 74 
Sr 3079 376 337 
Ba 1903 443 299 
Ta 2.8 0.9 1.6 
Hf 7.8 8.3 10.6 
Cr 309 35 34 
Ni 203 10 16 
Co 45 20 19 
Y 24 26 30 
Th 10.3 8 6.7 
U 3.3 1.6 2.1 
Pb 49 50 76 
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Isfehani and Sharifi, 1999 
SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 
50.68 0.94 13.32 3.85 3.77 0.15 12.44 7.05 1.05 2.88 0.39 
44.38 0.84 14.02 5.96 2.11 0.19 5.90 20.39 1.95 2.17 0.69 
54.47 0.69 14.27 7.29 0.39 0.16 4.44 10.82 1.20 0.66 0.29 
60.31 0.66 15.06 3.93 1.69 0.15 3.24 4.80 1.98 5.97 0.41 
54.54 0.77 16.60 6.12 2.64 0.18 4.87 7.35 1.84 1.83 0.45 
64.70 0.54 15.10 4.22 0.31 0.09 2.95 4.20 2.09 2.31 0.28 
63.16 0.85 14.29 1.92 2.17 0.15 2.79 5.85 1.96 1.92 0.33 
48.03 1.65 13.93 13.17 5.13 0.13 7.83 11.91 3.86 1.78 1.38 
62.48 0.67 14.93 2.29 4.31 0.12 3.14 5.90 3.11 2.40 0.17 
65.87 0.77 14.66 2.29 2.85 0.09 2.21 5.10 3.78 1.65 0.30 
64.28 0.66 13.27 2.19 3.23 0.10 4.26 6.12 2.47 2.26 0.18 
63.31 0.65 14.15 2.16 3.17 0.10 4.87 6.20 2.60 2.11 0.16 
64.50 0.86 16.55 2.37 2.19 0.08 1.49 4.81 4.05 2.40 0.25 
65.33 0.86 16.38 2.36 2.12 0.08 1.54 4.29 3.77 2.66 0.23 
63.97 0.84 15.78 2.35 2.52 0.08 2.77 4.87 3.53 2.63 0.21 
65.13 0.79 16.45 2.30 2.53 0.07 1.64 4.78 3.96 2.26 0.23 
63.00 0.73 15.22 2.25 2.84 0.08 3.49 5.94 3.43 2.28 0.23 
64.22 0.86 15.54 2.38 2.91 0.08 2.25 9.10 3.29 2.69 0.23 
64.22 0.81 16.04 2.31 2.49 0.09 2.39 5.08 3.41 2.51 0.20 
59.87 0.82 15.74 2.32 4.01 0.11 5.20 6.67 3.46 0.93 0.26 
59.90 0.83 15.62 2.34 4.04 0.14 5.14 6.70 3.37 1.55 0.27 
59.51 0.86 16.11 2.37 3.44 0.09 5.14 7.66 3.36 1.62 0.25 
59.31 0.89 16.31 2.39 3.56 0.09 4.56 6.98 3.50 1.61 0.25 
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Isfehani and Sharifi, 1999 
SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 
60.78 0.83 15.48 2.34 3.27 0.09 5.34 6.69 2.75 1.55 0.18 
58.33 1.06 17.86 2.58 3.32 0.11 3.00 7.44 3.74 1.50 0.33 
65.50 1.06 15.34 2.22 2.25 0.07 2.51 4.67 3.17 2.99 0.17 
65.87 0.77 14.66 2.29 2.85 0.09 2.21 5.10 3.38 1.65 0.30 
62.41 1.24 16.23 2.76 2.98 0.09 1.64 5.11 3.78 2.80 0.43 
62.37 1.24 17.08 2.74 2.61 0.08 1.56 5.10 3.65 2.74 0.38 
64.28 0.66 13.72 2.19 3.23 0.10 4.26 6.12 2.74 2.26 0.18 
63.31 0.66 14.15 2.16 3.17 0.10 4.87 6.20 2.60 2.11 0.16 
64.50 0.86 16.55 2.37 2.19 0.08 1.49 4.81 4.05 2.40 0.25 
65.33 0.86 16.38 2.36 2.12 0.08 1.54 4.29 3.77 2.68 0.21 
65.13 0.79 16.45 2.30 2.53 0.07 1.64 4.78 3.94 2.26 0.23 
63.00 0.73 15.22 2.25 2.84 0.08 3.49 5.94 3.43 2.28 0.23 
64.22 0.86 15.54 2.38 2.91 0.08 2.25 9.10 3.29 2.69 0.23 
64.22 0.81 16.04 2.31 2.49 0.09 2.39 5.08 3.41 2.51 0.20 
59.87 0.82 15.74 2.32 4.01 0.11 5.20 6.67 3.46 0.93 0.26 
59.90 0.83 15.62 2.34 4.04 0.14 5.14 6.70 3.37 1.55 0.27 
59.51 0.86 16.11 2.37 3.44 0.09 4.15 7.66 3.36 1.62 0.25 
59.31 0.89 16.31 2.39 3.56 0.09 4.56 6.98 3.50 1.61 0.25 
60.78 0.83 15.48 2.34 3.27 0.09 5.34 6.69 2.75 1.55 0.18 
58.33 1.06 17.88 2.58 3.32 0.11 3.00 7.44 3.74 0.15 0.33 
65.50 0.71 15.34 2.22 2.25 0.07 2.51 4.67 3.17 2.99 0.17 
48.03 1.63 13.93 3.17 5.13 0.13 7.83 11.91 3.88 1.78 1.38 
62.48 0.67 14.93 2.18 2.18 0.12 3.14 5.90 3.11 2.40 0.17 
63.97 0.84 15.78 2.35 2.35 0.08 2.77 5.63 3.53 2.68 0.23 
51.57 1.00 15.69 6.81 0.60 0.11 4.26 10.00 2.95 0.88 0.31 
59.73 0.78 15.83 1.72 3.50 0.11 3.79 5.63 3.05 1.72 0.28 
63.04 0.70 15.67 2.85 1.70 0.11 1.05 2.55 3.96 4.79 0.22 
71.19 0.19 13.46 2.58 0.07 0.05 0.19 0.71 3.45 4.82 0.02 
 
 
 
 
 
 
